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Abstract  
Thermophiles are organisms found among the Archaea and Eubacteria domains which are 
adapted to live at high temperature, the optimal growth temperature being between 50 °C 
and 79 °C. Phylum Thermotogae includes anaerobic and thermophilic members, and 
represents one of the deepest branching groups among the eubacterial line of descent, 
suggesting that the first eubacteria on Earth was thermophilic. Fervidobacteriaceae is a family 
within the Thermotogae phylum, some of which members can disintegrate chicken feathers, 
degrading the keratin, which is one of the most abundant proteins on Earth and often 
accumulates, causing a serious waste problem. Keratinases and keratinolytic microorganisms 
have biotechnological potential as they can convert this substrate into peptides and 
uncommon amino acids.  
 
This work includes the isolation, biochemical characterization and genomic analysis of a new 
strain of Fervidobacterium pennivorans, named strain T, isolated from a terrestrial hot-spring 
in Tajikistan. This strain is an anaerobic and thermophilic bacterium, with an optimal growth 
temperature of 65 °C. It can degrade feathers and tolerates up to 40 g/L NaCl concentration. 
It is a neutrophilic microbe, optimally growing at pH 6.5. Its draft genome consisted of 28 
contigs with a total size near 2 Mega bases. 
 
The genomic analyses carried out include a Fervidobacteriaceae phylogenetic tree 
reconstruction and genomic comparisons of the studied strain with other Fervidobacterium 
pennivorans strains. These comparisons showed an 81 % overall sequence identity with the 
species type strain, isolated from the Azores, meaning that this new isolate, termed strain T, 
represents a new Fervidobacterium pennivorans strain.  
 
Peptidases of this bacterium were investigated using bioinformatic approaches. A putative 
keratinase was identified, and its 3D structure predicted by homology modelling. 
Furthermore, the peptidase catalytic triad was found by aligning its sequence with other 
homologue proteins. Finally, this enzyme was cloned and expressed in Escherichia coli and its 
activity investigated, showing promising results and new insight into this thermophilic group.  
  Rubén Javier López – Master thesis 
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Introduction 
Extremophiles are organisms adapted to live in harsh conditions, such as high or low 
temperatures (thermophiles and psychrophiles), high or low pH levels (acidophiles and 
alkaliphiles), high pressure (barophiles or piezophiles), high sugar or salt concentration 
(osmophiles), etc. These organisms can only be found among the Archaea and Eubacteria 
domains. A remarkable feature of extremophiles is that they do not only tolerate these harsh 
geochemical or physical conditions, but they need them to live and grow. 
 
So, thermophiles, for instance, have optimal temperatures between 50 °C and 79 °C, and will 
not divide if the environment temperature is 40 °C or lower. Likewise, hyper-thermophiles 
need temperatures even higher to grow, with optimal growth temperatures above 80 °C 
(Godde et al., 2005, Madigan et al., 2006, Madigan et al., 2014). 
 
Phylum Thermotogae includes both hyper-and thermophilic eubacteria (Frock et al., 2010). 
The members of this group can be easily identified morphologically because all of them are 
covered by a sheath-like envelope or “toga”, present outside the cell wall (Bhandari and 
Gupta, 2014) (Figure 1). These gram-negative bacteria are strictly anaerobic, rod-shaped, and 
heterotrophic, and grow at neutral or slightly acidic pH. They can grow on a diverse kind of 
carbon substrates, including: pentoses, hexoses, disaccharides, glucans, xylans, etc. (Frock et 
al., 2010). These bacteria can be found in a variety of geothermal or volcanically heated 
environments, such as oil reservoirs, hydrothermal vents, or terrestrial hot springs (Gupta and 
Bhandari, 2011).  
 
Figure 1. Thin section of Thermotoga maritima. Bar, 1 µm. (Huber et al., 1986) 
  Rubén Javier López – Master thesis 
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Thermotogae represents one of the deepest branching groups among the Eubacterial line of 
descent, suggesting that the first eubacteria on earth was thermophilic (Achenbach-Richter et 
al., 1987). Furthermore, it has been found that some members of the Thermotogae group 
possess mosaic genomes, with genes from different origins, sharing up to 11 % of their genes 
with Archaea, suggesting that a significant horizontal gene transfer has occurred between 
these two groups (Frock et al., 2010, Cuecas et al., 2017), arising a debate over the 
phylogenetic placement of the Thermotogales in the tree of life (Figure 2) (Conners et al.). The 
metabolic versatility of the group, their thermophilic and hyper-thermophilic features, the 
possession of thermostable enzymes, involved in diverse carbohydrate utilization, and the 
increasement of the genomic and metagenomic studies have made the Thermotogales one of 
the most interesting groups for industrial processes (Conners et al., Miranda-Tello et al., 
2004).  
 
Figure 2. Phylogenetic tree of bacteria (Madigan et al., 2006) 
 
Fervidobacteriaceae is a family within the Thermotogae phylum, conformed only by one 
genus: Fervidobacterium.  Its name comes from the Latin word fervidus, -i, meaning “very hot” 
or “boiling” (Patel et al., 1985). Seven species comprise this genus, all of them isolated from 
terrestrial hot springs around the world: F. islandicum, isolated from a hot spring in Iceland 
(Huber et al.); F. nodosum, found in a New Zealand hot spring (Patel et al., 1985); F. 
pennivorans, isolated from a hot spring in Azores Islands (Friedrich and Antranikian, 1996); F. 
changbaicum, found in a hot spring in the Changbai Mountains (China) (Cai et al., 2007); F. 
gondwanense, isolated from geothermal waters of the Great Artesian Basin (Australia) 
  Rubén Javier López – Master thesis 
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(Andrews and Patel, 1996); F. riparium, found in a hot spring of Kunashir Islands (Russia) 
(Podosokorskaya et al., 2011); and F. thailandense, isolated from a hot spring in Thailand 
(Kanoksilapatham et al., 2016) . Figure 3 shows the global distribution of the Fervidobacterium 
species with arrows indicating their isolation source. 
 
Figure 3. Locations of the described species of the genus Fervidobacterium. Black arrows point to the 
location where the species where first isolated. The red arrow points to Tajikistan, where the sample 
for this work was collected.  
 
The members of this genus grow from 45 °C as the lowest temperature reported, until 90 °C, 
as the highest one, with optimal temperatures ranging from 65 °C to 80 °C. All of them can 
utilize different kind of carbon sources, such as pentoses, hexoses, disaccharides, glucans, 
xylans or sugar alcohols (Kanoksilapatham et al., 2016, Nam et al., 2002, Cai et al., 2007, 
Podosokorskaya et al., 2011, Andrews and Patel, 1996, Patel et al., 1985), the preferred 
substrates being: glucose, maltose, fructose and starch (Nam et al., 2002). In addition, they 
can grow on proteinaceous substrates, such as peptone, and at least F. islandicum and F. 
pennivorans have shown keratinolytic activity, being reported to have the ability to degrade 
feathers (Friedrich and Antranikian, 1996, Nam et al., 2002, Lee et al., 2015b). Figure 4 shows 
a phylogenetic tree of the Fervidobacterium genus. 




Figure 4. Neighbor-joining tree of 16S rRNA gene sequences of members of the family 
Fervidobacteriaceae showing the relationship the species belonging to genus Fervidobacterium. 
Bootstrap values as a percentage of 1000 replications are presented. Bar, 0.02 changes per nucleotide 
position (Kanoksilapatham et al., 2016). 
 
Keratin is a protein present in animal structures such as feathers, horns, hair, skin and scales, 
and is one of the most abundant proteins on Earth: every year more than five million tons of 
chicken feathers are produced as waste by poultry farming, causing a serious waste problem 
(Lee et al., 2015a, Friedrich and Antranikian, 1996, Lee et al., 2015b). This protein has a 
secondary structure rich in a-helices with a high content of cysteine linked by disulfide 
bridges, which makes it chemically unreactive and mechanically durable (Parry et al., 1977, 
Lee et al., 2015b). Due to its rigid structure and disulfide bonds, it can accumulate (Friedrich 
and Antranikian, 1996, Lee et al., 2015a). Figure 5 showing inter- and intra-molecular bonding 
in keratin, including the mentioned disulfide bonds, which have an important role in 
determining the physicochemical properties of keratin (Shavandi et al., 2017). 
  Rubén Javier López – Master thesis 
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Figure 5. A diagram showing inter- and intra-molecular bonding in keratin. Various chemical bonds, 
e.g. hydrogen, ionic and disulfide bonds, result in increased strength and stability of the protein, and 
determine its structure (Shavandi et al., 2017).  
 
Poultry feathers may be used as cheap animal feedstock, since they contain potentially useful 
proteins and amino acids (Williams et al., 1991), or even as fertilizers or soil conditioners (Lee 
et al., 2015b). Nevertheless, these mechanical and chemical processes allow using feather 
waste only on a limited basis as a dietary protein supplement (Papadopoulos, 1989) and, in 
addition, they increase greenhouse gas emissions and environmental pollution (Lee et al., 
2015b). Due to these limitations and the industrial potential of poultry feathers and other 
waste stuff, many microbial thermostable proteases are being studied, isolated and 
characterized (Friedrich and Antranikian, 1996, Nam et al., 2002, Lee et al., 2015b). The use of 
thermostable proteases may lead to a more efficient and environmentally friendlier 
degradation of these feathers (Nam et al., 2002). 
 
Proteases are one of the most important groups of industrial enzymes, accounting for about 
60% of the total worldwide sale of enzymes, being used in detergents, beer, meat and leather 
industries for a long time (Niehaus et al., 1999, Kumar et al., 2005). But as high temperatures 
accelerate reaction rates and increase the solubility of solid reagents, thermoactive and 
thermostable proteases are very interesting from an industrial point of view, being an extra 
  Rubén Javier López – Master thesis 
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advantage the consequent reduction of the contamination from mesophilic organisms, 
resulting in an increasement in the effectiveness of the process. (Chen et al., 2004). The 
mechanisms responsible of this thermostability are often a combination of different factors, 
such as an increased number of Van der Waals interactions, hydrogen bonds and ion-pairs 
(Godde et al., 2005).  
 
Microbes produce both intracellular and extracellular proteases. The extracellular ones play 
an important role in the hydrolysis of environmental proteins and enabling the cell to absorb 
and use hydrolytic products (Kalisz, 1988). These extracellular proteases are the ones which 
have been exploited for industrial applications (Chen et al., 2004). Extracellular proteases 
commonly possess an N-terminal signal peptide targeting the protein to be secreted, where 
they hydrolyse proteins into peptides (Wandersman, 1989). Figure 6 shows the structure of a 
typical signal peptide. 
 
 
Figure 6. Structure of a standard signal peptide, showing its three-regions: a positively charged N-
terminal region (N-region), a hydrophobic central region (H-region) and a neutral, polar C-terminal 
region (C-region).  
 
Among these enzymes, the serine proteases comprise the majority of the thermostable 
proteases produced and characterized to date (Niehaus et al., 1999). More specifically, most 
of the serine proteases belong to the group of the subtilisin-like serine proteases, known as 
subtilases (Barrett and Rawlings, 1995). Subtilases are widely distributed in nature, are 
extracellularly secreted by different microbes and have been studied from an engineering 
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point of view (Rawlings and Barrett, 1994, Shaw and Pal, 2007). Subtilases are synthesized 
intracellularly as a precursor, called preprosubtilin, with a presequence and a prosequence 
attached to the N terminus of the mature protein (Jacobs M Fau - Eliasson et al.): the 
presequence acts as a signal peptide, mediating the secretion of the mature protein through 
the cellular membrane, and the prosequence guides the correct folding of the mature protein 
(Inouye, 1991). More than 200 subtilases have been described, but only a few belonging to 
thermophilic Archaea or Eubacteria have been characterized at the biochemical and genetic 
level (Kluskens et al., 2002). From an industrial and commercial point of view, these proteases 
have a remarkable utility; so, the search of new microbial sources of thermostable proteases 
is of continued value (Chen et al., 2004). With these enzymes, recalcitrant substrates such as 
feathers may be digested and converted to rare amino acids such as serine, cysteine or proline. 
In the past decades several thermophilic and hyper thermophilic organisms have been 
reported to be able to produce thermostable serine type proteases (Friedrich and Antranikian, 
1996).  
 
As the Fervidobacterium members can utilize different proteinaceous substrates, such as 
tryptone, peptone, casein, or casamino acids, they possess different proteases able to degrade 
these substrates under extreme conditions (Kluskens et al., 2002). Furthermore, as previously 
mentioned, F. islandicum and F. pennivorans have been reported to grow on chicken feathers 
and use keratin as a substrate at high temperatures. Keratinases have biotechnological 
potential as they can convert this substrate into peptides and rare amino acids. Different 
keratinases have been described, with sizes ranging from 16 kDa to 440 kDa (Kim et al., 2004). 
A keratinolytic enzyme belonging to F. pennivorans was purified and described in the past, 
although the recombinant protein was inactive (Friedrich and Antranikian, 1996, Kim et al., 
2004, Kluskens et al., 2002). This enzyme, named fervidolysin, is encoded by a 2.1 kb gene 
called fls. The product is a medium size enzyme with 699 amino acids, a precursor of 73 kDa 
and a mature part of 58 kDa with a multi-domain structure, showing a high homology with the 
subtilisin family and a high thermo stability (Kim et al., 2004, Kluskens et al., 2002). Likewise, 
a keratinase from F. islandicum has also been characterized and expressed in Escherichia coli. 
This enzyme, called islandisin is encoded by a 2106 bp open reading frame, which leads to a 
mature protein of 668 amino acids with a signal sequence of 33 amino acids and three catalytic 
  Rubén Javier López – Master thesis 
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residues (Asp177, His215 and Ser391). Islandisin has been successfully expressed in E. coli, 
showing the recombinant protein optimal activity at 80 °C and pH 8.0 (Godde et al., 2005).  
 
Nevertheless, traditional cloning and expression methods require the purification of 
intermediate cleavage products, are of limited efficiency and do not avoid the occurrence of 
restriction sites in the sequences of targeted genes (Geertsma and Dutzler, 2011). Fragment 
exchange (FX) cloning was developed as an alternative to the traditional approaches. FX 
cloning is based on a class II restriction enzyme and negative selection markers. These 
restriction enzymes cleave the DNA at a fixed distance outside their asymmetric recognition 
site (Szybalski et al., 1991, Geertsma and Dutzler, 2011), making possible to leave only an extra 
amino acid to either side of the protein. The counterselection markers keep the background 
of untransformed vectors low, and allows unambiguous selection of positive clones in each 
step. Thus, this method has turned to be highly efficient and very economic, allowing the 
transfer of open reading frames into a high variety of expression vectors with a minimal 
handling (Geertsma and Dutzler, 2011).  
 
Aims 
This project focuses on the isolation and study of a new F. pennivorans strain, with following 
objectives: 
 
1. Growth of this thermophilic Thermotogae bacterium, as well as its identification 
through 16S rRNA gene sequencing, its isolation and its biochemical characterization. 
2. Genomic analysis of this strain, including genomic sequencing and comparison with 
other members of the genus.  
3. Bioinformatic analyses, including a phylogenetic tree reconstruction to compare the 
Fervidobacterium genus, genomic alignment and search of possible conserved genetic 
markers. 
4. Cloning and expression of a putative keratinase gene in Escherichia coli.  
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Materials and Methods 
1. Biochemistry and morphology 
The sample containing the studied strain was collected in a terrestrial hot-spring in Tajikistan. 
It was first enriched in an appropriate medium (MMF supplemented with peptone and yeast 
extract) and, when its growth was assessed, an isolation of the strain by dilution to extinction 
was carried out. Then, the rest of the analyses followed. 
1.1 Medium preparation 
The sample has been stored at room temperature for about a year in a sealed and corked 120 
mL serum flask. 1 mL of this culture was inoculated into another 60 mL serum flask with MMF 
medium for enrichment. To prepare it, a basal medium with mineral salts, trace elements, 
carbonate buffer and sulphide as reducing agent was made. The composition of the 
mentioned medium is detailed in Table 1, and the composition of the trace elements added is 
detailed in Table 2. 0.2 % resazurin (5 mL/L) was also added to the medium as redox indicator.  
 
Table 1. Composition of basal MMF medium. 
Reagents Amount 
NaCl 3 g/L 
MgSO4 · 7H2O 0.7 g/L 
KCl 0.34 g/L 
NH4Cl 0.25 g/L 
CaCl2 · 2H2O 0.14 g/L 
KH2PO4 0.14 g/L 
Yeast extract 0.2 g/L 




Table 2. Composition of the trace elements 
solution added to the basal medium. 
Reagents Amount 
HCl (25%) 10 mL/L 
FeCl2 · 4H2O 1.5 g/L 
CoCl2 · 6H2O 190 mg/L 
MnCl2 · H2O 100 mg/L 
ZNCl2 70 mg/L 
Na2MoO4 · 2H2O 36 mg/L 
NiCl2 · 6H2O 24 mg/L 
H3BO3 6 mg/L 
CuCl2 · H2O 2 mg/L 
After autoclaving at 121°C for 30 min, the medium was cooled to 40 – 50°C while gassing with 
sterile nitrogen. Then, 10 mL of vitamin solution and 4 mL of 0.5M Na2S were added, as well 
as 20 mM Na2S2O3 and 0.2 % resazurin. The composition of the vitamin solution is detailed in 
  Rubén Javier López – Master thesis 
 17 
Table 3. Finally, the pH was adjusted to 6.5 using 1M HCl; pH was checked with a pH 3110 pH-
meter (WTW). 
 
Table 3. Composition of the vitamin solution added to MMF medium 
Reagents Amount  
4-Aminobenzoic acid 8 mg/L 
D(+) Biotin 2 mg/L 
Nicotinic acid 20 mg/L 
Ca-D(+) pantothenate 10 mg/L 
Pyridoxamine · 2HCl 30 mg/L 
Thiamin dichloride 20 mg/L 
Vitamin B12 10 mg/L 
 
The medium was aliquoted into smaller flasks using Hungate technique (Macy et al., 1972) 
and the flasks sealed with rubber corks and aluminum crimps. The flasks were incubated at 65 
°C and, after 48h of incubation, growth was checked with a phase-contrast microscope.  
1.2 Enrichment and isolation 
After enrichment and growth in MMF with peptone and yeast extract, the studied bacterium 
was isolated from the sample. To isolate the strain, the dilution to extinction method was 
conducted. A battery of eight flasks filled with 9 mL of MMF medium was made and labelled 
from 10-1 until 10-8. This medium was supplemented with 0.5 % Peptone extract, and its 
concentration of yeast extract was increased up to 0.05 %. 1 mL of the original culture was 
transferred to the flask labelled as 10-1, from this one 1 mL was transferred to the one labelled 
as 10-2, and so on. After 48 hours growth was checked in all the flasks under a Nikon Eclipse 
E400 phase-contrast microscope. Growth was reported in flasks labelled as 10-1, 10-2, 10-3 and 
10-4, so the 10-4 flask was used to start a new dilution series: from this flask 1 mL was 
transferred to a new 10-1 flask, from this one to a new 10-2, and so on, until 10-8. Again, after 
48 hours of incubation at 65 °C, growth was reported in flasks labelled as 10-1, 10-2, 10-3 and 
10-4. So, the 10-4 flask was assumed to contain a pure culture and used to inoculate a new flask 
with fresh MMF medium to obtain biomass and isolate DNA. The medium was supplemented 
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with 0.5 % peptone extract and 0.05 % yeast extract. The flask was incubated at 65 °C for 48 
hours.  
 
1.3 Carbon utilization test   
The studied organism was tested against different carbon sources to assess its metabolic 
capabilities. The following substrates were used: cellulose, dextrin, galactose, lactose, 
arabinose, mannose, mannitol, starch, sorbitol, sucrose and raffinose. For each substrate, a 
different flask was made with 10 mL of MMF medium supplemented with the respective 
substrate at a final concentration of 0.5 %, with a yeast extract concentration of 0.05%. A 
negative control flask was also prepared, containing 10 mL of MMF medium and a final 
concentration of yeast extract of 0.05 %. After 48 hours of incubation at 65 °C, a new battery 
of flasks was set up, and 1 mL from each previous flask was transferred to its correspondent 
one with fresh MMF medium, 0.5% of the respective carbon source and a final yeast extract 
concentration of 0.05 %. A second negative control flask was prepared, again filled with 10 mL 
of MMF medium and a final yeast extract concentration of 0.05 %. After 48 h of incubation, 
growth was checked under the phase-contrast microscope. 
 
1.4 Temperature tolerance  
The organism was incubated at different temperatures to determine the minimum and 
maximum temperature growth. Three different temperatures were tested (additionally to 65 
°C): 38 °C, 55 °C and 80 °C. Two flasks with 10 mL of MMF medium supplemented with 
peptone (0.5%) and Yeast Extract (0.1%) were prepared for each temperature. After 48 h of 
incubation, growth was checked under the phase-contrast microscope. 
1.5 Osmotic stress test 
A battery of flasks with different NaCl concentrations were made to test the tolerance of this 
bacterium to salinity. Two flasks were prepared for each NaCl concentration: 1 %, 2 %, 3 %, 4 
% and 5 %. The medium used was MMF supplemented with 0.5 % peptone and 0.1% Yeast 
Extract. After 48 h of incubation at 65 °C growth was checked under the phase-contrast 
microscope. 
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1.6 pH test 
To test the tolerance to different pH of this organism, four flasks were prepared with 10 mL 
of MMF medium supplemented with 0.5 % Peptone and 0.1 % Yeast Extract. Two of these 
flasks were adjusted to pH 5.5 with HCl (1N) and the other two were adjusted to pH 8.0 with 
NaOH (1N). After 48 h of incubation at 65 °C growth was checked under the phase-contrast 
microscope. 
1.7 Keratinase activity test 
A battery of flasks filled with approximately 50 mL of MMF medium supplemented with 
peptone (0.5 %) and yeast extract (0.05 %) was made to test this activity. One chicken feather 
of 15 ± 5 mg was introduced in every flask, as well as 0.5 mL of a F. pennivorans culture as 
inoculum. Previously, the feathers had been sterilized by immersion in a methanol:ethanol 
solution (1:1) and posterior tyndallisation for 60 minutes at 100 °C (Friedrich and Antranikian, 
1996). Feathers with different rigidity, from breast and wings were tested. The flasks were 
incubated at 65 °C. A negative control flask was also set up: MMF medium with the same 
concentration of peptone and yeast extract, but without inoculum. Every 24 hours the flasks 
were monitored to check for changes in the integrity of the feathers. 
 
1.8 Scanning electron microscopy 
A sample from a dense culture was prepared for scanning electron microscopy (SEM) and for 
further morphological study of the isolated strain. First, 1 mL of a dense culture was fixed with 
80 µl 25% glutaraldehyde (final glutaraldehyde concentration of 2%) and incubated for 1 hour 
at room temperature. Then, the sample was centrifuged at 12500 rpm for 7 minutes, the 
supernatant discarded, and the pellet resuspended in 500 µL of 0.1 M cacodylate buffer. The 
prepared samples were then delivered to the microscopy service of the Molecular Imaging 
Center Platform (https://www.uib.no/en/rg/mic). 
 
2. Genomic and Bioinformatic analyses  
2.1 DNA isolation and PCR 
After growing the bacterium in MMF medium supplemented with peptone as described, its 
growth was checked under phase-contrast microscope, transferred to a 50 mL Falcon tube 
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and then centrifuged at 4 °C for 15 minutes at 6000 rpm. The supernatant was discarded. The 
genomic DNA was isolated from the pelleted cells with a NA2100 SIGMA GenElute™ Bacterial 
Genomic DNA extraction kit, by Sigma-Aldrich, following the standard protocol. The DNA 
quality and quantity were determined using a NanoDrop™ One/OneC Microvolume UV-Vis 
Spectrophotometer, by Thermofisher Scientific. Following, a 0.8 % agarose gel electrophoresis 
was run to check the DNA size, comparing to GeneRuler DNA Ladder Mix, by ThermoFisher 
(catalog number: SM0333). The gel was run for 45 minutes at 5 V/cm. 
 
The strain identification starts with a PCR amplification of the 16S rRNA gene (Woese et al., 
1983, Peake, 1989); the sequence of the primers used in the amplification and the PCR 
program are detailed in Table 4 and Table 5, respectively (Rainey et al., 1992). Genomic DNA 
of another Thermotoga, Thermosipho africanus, was used a positive control. The amount of 
the DNA templates to amplify were of approximately 120 ng. The PCR master mix without any 
DNA template was used as a negative control. Two duplicates of each control were used, and 
the same for the sample. The DNA polymerase used in this reaction was Taq DNA Polymerase 
by BioLabs (catalog number M0273).  
 
Table 4. Primers used in the PCR amplification of the 16S rRNA gene  
Primer name Primer sequence 
16S Forward (27 F) 5’-GAGTTTGATCCTGGCTCAG 
16S Reverse (1525 R) 5’-GAAAGGAGGTGATCCAGCC 
 
Table 5. PCR program used to amplify the 16S rRNA gene. 
Step Temperature (Celsius) Time (seconds) 
Initial denaturation 94 30 
30 Cycles 94 30 
68 45 
68 60 
Final extension 68 300 
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The size and quality of the PCR product were checked running a 1.5% agarose gel 
electrophoresis for 45 minutes at 5 V/cm, comparing to GeneRuler DNA Ladder Mix, by 
ThermoFisher (catalog number: SM0333). Then, the PCR products were used to perform a 
cycle sequencing reaction according to the Big Dye v3.1 protocol (Sequencing facility), and 
then sequenced in the UiB Sequencing facility; the sequence of the primers used in the cycle 
sequencing reaction is detailed in Table 6. The obtained sequences were corrected using 
4Peaks software (Griekspoor and Groothuis, 2015). Then, they were merged and a consensus 
sequence obtained using the EMBOSS software package (Rice et al., 2000). This consensus 
sequence was then compared in BLAST through the Blastn suite, using the default options for 
megablast query and excluding the “uncultured/environmental sample sequences” from the 
search.  
 
Table 6. Primers used in the cycle sequencing reaction of 16S rRNA gene. 
Primer name Primer sequence 
16S Forward  5’-GAGTTTGATCCTGGCTCAG 
575 Forward 5’-CGGAATTACTGGGCKTAAAG 
K517 Reverse 5’-ATTACCGCGGCTCCTGG 
16S Reverse 5’-GAAAGGAGGTGATCCAGCC 
 
2.2 Phylogenetic trees construction 
A phylogenetic tree based on the 16S rRNA gene sequence was built to study the evolutionary 
relationship between the experimental strain characterized in this work and the rest of the 
described species of the Fervidobacterium genus. The 16S rRNA gene sequences of the 
different Fervidobacterium species were obtained from the Genbank database (Benson et al., 
2005, Tatusova et al., 2016). The sequences were then aligned using the ClustalO tool through 
the CLC Genomic Workbench suite, version 11.01 (Sievers et al., 2011). SeaView software 
(Gouy et al., 2010) was used to build the phylogenetic tree itself with the aligned sequences, 
using the Bio Neighbor-Joining clustering algorithm (Gascuel, 1997). The nucleotide distance 
was measured by “Kimura 80” method (Kimura, 1983). A bootstrap analysis with 100 
repetitions was conducted to check the quality of the tree, and the 16S rRNA gene sequence 
of Thermosipho africanus was employed as an outgroup lineage. In the same way, another 
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phylogenetic tree was reconstructed, based on the sequence of the peptidase S8 that has 
been expressed in E. coli in this work, comparing the homologue sequences of this protein 
found in all the available genomes of the genus Fervidobacterium.  
2.3 Genomic analyses 
2.3.1 Genome assembly and annotation 
A genomic analysis of the strain was performed by shot-gun sequencing of its whole genome 
using a commercial Next Generation DNA sequence provider (Bertoni et al., 2017) based on 
Illumina technology. 1µg of genomic DNA was shipped. The sequences obtained were 
assembled with CLC GenomicWorkbench 11 software (QIAGEN Bioinformatics) , using “de 
novo assembly” tool. The optimal k-mer length for the genome de novo assembly was 
determined using KmerGenie software (Chikhi and Medvedev, 2014). Following, the genome 
was uploaded to RAST (Rapid Annotation using Subsystem Technology) for annotation (Aziz 
et al., 2008) and analysed using the SEED viewer (Overbeek et al., 2014). The genome was 
then downloaded and compared with the F. pennivorans type strain genome (DSM 9078, 
accession number CP003260.1) and with F. pennivorans strain DYC (accession number 
CP011393.1). These genomes were downloaded from the NCBI database (Benson et al., 2005, 
Tatusova et al., 2016). The comparisons included a genomic alignment, an Average Nucleotide 
Identity calculation (ANI), a Genome-to-Genome distance calculation (GGDC) and a dotplot 
matrix comparison.  
 
2.3.2 Average Nucleotide Identity 
The distribution of nucleotide identity between the experimental genome (F. pennivorans 
strain T) and both the type and DYC strains was estimated through an Average Nucleotide 
Identity (ANI) test, which calculates the average nucleotide identity using both best hits (one-
way ANI) and reciprocal best hits (two-way ANI) between two genomic datasets (Rodriguez-R 
and Konstantinidis, 2016, Goris et al., 2007).  
 
2.3.3 Genome-to-genome distance analysis 
Another genome comparison of the sequenced isolate with both F. pennivorans DYC and F. 
pennivorans DSM 9078 was performed, using the Genome-to-Genome distance calculator by 
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Leibniz Institute (DSMZ). This tool infers whole-genome distances mimicking the experimental 
genome-to-genome comparison by DNA hybridization (DDH) (Meier-Kolthoff et al., 2013).  
 
2.3.4 Dot-plot matrix 
A dotplot matrix comparison was made, to compare the experimental genome with the type 
and the DYC strains, using the Gepard tool (Krumsiek et al., 2007).  
 
2.3.5 Genomic alignment 
This alignment was conducted using Mauve software, which constructs multiple genome 
alignments in the presence of large-scale evolutionary events, such as rearrangement and 
inversion. Genomic alignments provide a basis for research into comparative genomics and 
the study of genome-wide evolutionary dynamics (Darling et al., 2004).  
 
2.4 Conserved signature indels  
The genomes of all the species in Fervidobacterium genus were aligned using BLAST Ring 
Image Generator (BRIG) v0.95 (Alikhan et al., 2011) to find candidates of genomic fragments 
horizontally transferred. The genbank file of the experimental genome was downloaded from 
the RAST website. The rest of genomes were obtained from the NCBI database (Tatusova et 
al., 2016, Benson et al., 2005). Then, the fragments suspected to have been horizontally 
transferred were searched in the sequenced genome, if present, using Artemis software 
(Rutherford et al., 2000). Those fragments having a GC content with at least a 2.5 Standard 
Deviation cut off were extracted to a FASTA file and translated with ExPaSy tool (Gasteiger et 
al.) if no annotation was available, and used to carry out a search with BLAST to find possible 
homologues using the blastp algorithm. 
 
2.5 3D protein structure prediction 
A 3D model structure was predicted using Swiss-model tool (Benkert et al., 2011, Bertoni et 
al., 2017, Biasini et al., 2014, Bienert et al., 2017, Guex et al., 2009). 
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2.5.1 Template Search 
Template search with BLAST and HHBlits was performed against the SWISS-MODEL template 
library. The target sequence was searched with BLAST against the primary amino acid 
sequence contained in the SMTL. A total of 146 templates were found. An initial HHblits profile 
was then built using the procedure outlined in (Remmert et al., 2011) followed by 1 iteration 
of HHblits against NR20. The obtained profile was then searched against all profiles of the 
SMTL. A total of 235 templates were found. From those, the most suitable 50 templates for 
the query protein were automatically shown by the tool. 
 
2.5.2 Template Selection 
For each identified template, the template's quality has been predicted from features of the 
target-template alignment. The templates with the highest quality were then selected for 
building the model. 
 
2.5.3 Model Building 
The models were built based on the target-template alignment using ProMod3. Coordinates 
which are conserved between the target and the template are copied from the template to 
the model. Insertions and deletions are remodeled using a fragment library. Side chains are 
then rebuilt. Finally, the geometry of the resulting model is regularized by using a force field. 
In case loop modelling with ProMod3 fails, an alternative model is built with PROMOD-II (Guex 
et al., 2009) 
2.5.4 Model Quality Estimation 
The global and per-residue model quality has been assessed using the QMEAN scoring 
function (Benkert et al., 2011). For improved performance, weights of the individual QMEAN 
terms have been trained specifically for SWISS-MODEL. 
 
2.5.5 Ligand Modelling 
Ligands present in the template structure are transferred by homology to the model when the 
following criteria are met: (a) The ligands are annotated as biologically relevant in the 
template library, (b) the ligand is in contact with the model, (c) the ligand is not clashing with 
the protein, (d) the residues in contact with the ligand are conserved between the target and 
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the template. If any of these four criteria is not satisfied, a certain ligand will not be included 
in the model. The model summary includes information on why and which ligand has not been 
included. 
2.5.6 Oligomeric State Conservation 
The quaternary structure annotation of the template is used to model the target sequence in 
its oligomeric form. The method (Bertoni et al., 2017) is based on a supervised machine 
learning algorithm, Support Vector Machines (SVM), which combines interface conservation, 
structural clustering, and other template features to provide a quaternary structure quality 
estimate (QSQE). The QSQE score is a number between 0 and 1, reflecting the expected 
accuracy of the interchain contacts for a model built based a given alignment and template. 
Higher numbers indicate higher reliability. This complements the GMQE score which 
estimates the accuracy of the tertiary structure of the resulting model. 
 
2.6 Multiple sequence alignment  
A local multiple sequence alignment with all the found homologues for the expressed protein 
was built, to find conserved motives and catalytic sites. The amino acidic sequence of the 
expressed peptidase was used to perform a PSI-BLAST query, until convergence. After four 
iterations, no more sequences could be found. The found sequences were then downloaded 
and saved into a FASTA file. Following, and under JalView software, a Multiple Sequence 
Alignment was performed using Clustal Omega algorithm. 
 
3. Cloning of a putative keratinase gene 
3.1 Signal peptide prediction 
The gene of interest to be expressed was selected based on its annotation in RAST, and was 
functionally annotated as a serine protease. The signal peptide of the protein was predicted 
using the Signal IP server (Petersen et al., 2011) and the primers were designed using the 
application available in the FX cloning website . 
3.2 PCR and product cloning into sequencing vector 
This procedure is known as FX or “fragment exchange” cloning, and is based on the method 
described by Geerstma & Dutzler (Geertsma and Dutzler, 2011). The FX cloning system uses 
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an initial cloning vector for the initial cloning of a PCR product. The sub-cloning of the gene 
from the initial vector into an expression vector utilizes the same cloning procedure; this 
expression vector has a different resistance marker. An overview of this method can be seen 
in Figure 7.  
 
 
Figure 7. Schematic overview of the FX-cloning method, showing: (A) SapI restriction site, in bold 
letters, with any of the four nucleotides represented with N. Arrows indicate the direction of the 
restriction site. (B) Cloning of a PCR product into pINITIAL. The genes coding for the counterselection 
markers ccdB and sacB on pINITIAL are colored in magenta and orange, respectively. (C) Sub-cloning 
of an ORF into an expression vector. The three nucleotides added to either terminus of the ORF are 
shown as insets (circle). (D) Orientation of the SapI cleavage sites in the PCR product and pINITIAL and 
(E) in expression vectors. The single-stranded overhangs generated upon cleavage are shown in orange 
and magenta. 
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First, the gene of interest was amplified in a PCR reaction. The primers for this gene were 
designed using the FX Cloning website and their sequence is detailed in Table 7. Phusion High-
Fidelity Polymerase by Thermo Fisher (catalog code: F530L) was used, and the extension 
temperature used for these primers was determined using OligoCalc (Buehler, 1996). The PCR 
program is detailed in Table 8. The amount of the DNA template to amplify was 120 ng. The 
PCR master mix without any DNA template was used as a negative control. Two replicas were 
used, for both the sample and the negative control. 
 
Table 7. Primers used in the PCR amplification pointing to the gene of interest. 
Primer name Primer sequence 
Forward  5’- ATATATGCTCTTCTAGTAACTCATTGGAGCCAAGATTTGAACCA 
Reverse 5’- TATATAGCTCTTCATGCGTATGTCAAAGCCTTGTAAGCATCAA 
 
Table 8. PCR program used to amplify the gene of interest. 
Step Temperature (Celsius) Time (seconds) 
Initial denaturation 98 30 
30 Cycles 98 10 
52 30 
72 45 
Final extension 72 420 
 
The size and quality of the PCR products were checked in a 1.5% agarose gel electrophoresis, 
run for 45 minutes at 5 V/cm. The plasmid used for the initial cloning was pINIT with 
tetracycline resistance (Addgene plasmid # 46974) (Geertsma and Dutzler, 2011). The map of 
the pINIT_tet plasmid can be seen in Figure 8. 
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Figure 8. Map of the pINIT_tet plasmid (Addgene plasmid # 46974), used for the initial cloning of the 
gene of interest. 
The E. coli strain containing this plasmid was grown overnight at 37 °C in LB with a final 
tetracycline concentration of 10 µg/mL. LB medium was obtained after combining 10 g of 
tryptone, 5 g of yeast extract, 10 g of NaCl, in 1 liter of distilled water; the mixture was 
autoclaved for 25 min at 120°C (Sezonov et al., 2007). The plasmid was extracted using the 
GeneJET Plasmid Miniprep Kit, by ThermoFisher Scientific (catalog number: K0502), and its 
size and quality was checked by running an 0.8 % agarose gel electrophoresis using 
Supercoiled DNA ladder by New England BioLabs (Sambrook, 1989) marker as size reference.  
 
For initial cloning of the PCR products, 250 ng of these were mixed with 50 ng of the pINIT_tet 
plasmid, obtaining a final ratio of 1:5 (vector:insert). 1 µL of 10x buffer (200 mM Tris-acetate, 
500 mM potassium acetate, 100 mM magnesium acetate, 10 mM dithiothreitol, pH 7.9) was 
added and the volume adjusted to 9 µL with MQ water. The digestion started by adding 1 µL 
of SapI (2U). After incubation of 1 hour at 37 °C, the enzyme was inactivated by heat, 
incubating the mixture at 65 °C for 20 minutes, and cooled to 25 °C. Following, a ligation of 
the consequent fragments was performed by adding 1.25 µL of ATP mix (10mM) and 1.25 µL 
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T4 DNA Ligase by New England BioLabs (catalogue number: M202L). The ligation mixture was 
incubated for 1 hour at 25 °C and inactivated by heating at 65 °C for 25 minutes.  
 
The final mixture was used to transform One Shot™ TOP10 Chemically Competent E. coli cells, 
by ThermoFisher Scientific (Catalogue number: C404003). This was done by mixing a 5 µL 
aliquot with the competent cells and incubating them for 30 minutes on ice. A heat shock 
inhibition followed, by incubating in a 42 °C water bath for exactly 30 seconds. Then, 250 µL 
of S.O.C. medium by ThermoFisher Scientific (catalogue number:  15544034) was added and 
the cells incubated at 37 °C for 1 hour. Finally, 100 µL of the transformation mix was plated 
on agar with LB medium supplied with tetracycline (10 µg/mL) and incubated overnight at 37 
°C.  Then, six colonies were picked from the plate and incubated overnight again in 10 mL of 
LB medium supplied with tetracycline (10 µg/mL), and plasmid DNA isolation was conducted 
using the kit previously mentioned. The DNA was quantified as described before, and 200 ng 
of the construction were used to perform a PCR sequencing reaction according to the BigDye 
3.1 protocol (http://www.uib.no/en/seqlab/55363/protocol-bigdye-v31) to verify the 
sequence of the insert. The primers and the program to run this reaction were chosen 
considering the pINIT_tet sequence, and are detailed in Table 9 and Table 10, respectively. 
 
Table 9. Primers used in the sequence reaction conducted to verify the pINIT_tet + keratinase gene 
construction. 
Primer name Primer sequence 
Forward  5’- GAGTAGGACAAATCCGC 
Reverse 5’- TGCTTCGCAACGTTCAAATCCGC 
 
Table 10. Sequencing program used to verify the pINIT_tet + keratinase gene construction. 
Step Temperature (Celsius) Time (seconds) 
Initial denaturation 96 300 
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The sequences obtained were then aligned and merged using the EMBOSS merge tool (Rice 
et al., 2000) and the consensus sequence was likewise aligned with the expected gene 
sequence obtained in RAST; this alignment was performed with MEGA 7 software (Kumar et 
al., 2016). 
3.3 Sub-cloning using FX Cloning 
Then, sub-cloning into expression vectors followed. The vectors chosen were the plasmids 
p7xN3H (Addgene plasmid # 47064) and p7xC3H (Addgene plasmid # 47065) (Geertsma and 
Dutzler, 2011), which maps are detailed in Figure 9 and Figure 10, respectively. These vectors 
add a tag of 10 histidines to the translated protein, adding p7xNH3 these histidines to the N-
terminus of the protein and p7xC3H to the C-terminus.  
 
Figure 9. Map and sequence of the p7xN3H (Addgene plasmid # 47064), used for sub-cloning and 
expression of the gene of interest. 
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Figure 10. Map and sequence of the p7xCH3 (Addgene plasmid # 47065), used for sub-cloning and 
expression of the gene of interest. 
 
This procedure started by growing E. coli strains containing these plasmids, incubating them 
overnight in 10 mL of LB medium with kanamycin (50 µg/mL). Then, the plasmids were 
isolated following the method already described, and its concentration and quality were 
determined using a NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer, and by 
running a 0.8% agarose gel electrophoresis, at 5 V/cm for 45 minutes. For sub-cloning, 50 ng 
of the chosen vectors were mixed with the pINIT_tet plasmid containing the keratinase gene 
to a final molar ratio of 1:4 (expression vector:pINIT_tet plasmid). The sub-cloning and 
transformation procedures were the same as described before, but the resultant cells were 
plated on LB with 50 µg/mL kanamycin and incubated overnight at 37 °C. 
 
Three colonies per plasmid were picked from the plates and incubated again overnight at 37 
°C in Falcon tubes with LB medium supplemented with kanamycin (50 µg/mL). Then, again, 
the plasmids were isolated as described before, and their quality and size checked in a 0.8 % 
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agarose gel electrophoresis, run at 5 V/cm for 45 minutes. The rest of the culture was stored 
to be used as pre-culture in the expression step. In addition, a PCR was conducted, using 
specific primers for p7xN3H and p7xC3H, to check their presence in these colonies, in 
duplicates. The sequence of the mentioned primers is detailed in Table 11. The program used 
to perform this reaction is described in Table 12.  
 
Table 11. Sequence of the primers used to amplify the vectors p7xNH3 and p7xC3H. 
Primer name Primer sequence 
T7 promoter  5’- TAATACGACTCACTATAGGG 
T7 terminator 5’- GCTAGTTATTGCTCAGCGG 
 
Table 12. PCR program used to verify the presence of p7xN3H and p7xC3H in the cells. 
Step Temperature (Celsius) Time (seconds) 
Initial denaturation 94 60 




3.4 Protein expression  
Then, the transformation of the expression strain followed. The chosen strain was a derivative 
of E. coli BL21 named LOBSTR (Low Background Strain) (Andersen et al., 2013). First, 500 µL of 
the stored pre-culture was transferred to 25 mL of YT-2 medium (ThermoFisher, catalog 
number:  22712020) supplemented with kanamycin (25 µg/mL), previously warmed to 37 °C. 
This culture was incubated at 37 °C for 4 hours, shaking at 175 rpm, and then the O.D. was 
measured. Following, the cells were induced by adding IPTG (Isopropyl β-D-1-
thiogalactopyranoside) until a final concentration of 0.4 mM; the cultures were incubated 
semi-anaerobically at 37 °C for 5 hours, while shaking at 175 rpm. The O.D. was measured 
again, the cultures transferred to new Falcon tubes and centrifuged for 15 minutes at 6000 
rpm at 4 °C. The supernatant was discarded, and the pellet lysed by sonication: 250 µL of a 
buffer containing 50 mM TRIS, 50 mM NaCl and 10% Glycerol (pH = 8.0) was used to resuspend 
the pellet; lysozyme was added as well. After incubating on ice for 30 minutes, the cells were 
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given 5 cycles of 20 s on/5 s off pulses on ice at 80 % output power, using an Ultrasonic 
Homogenizer 4710 series sonicator (Cole-Parmer). Then, 150 µL of each sample were taken 
and centrifuged, to get rid of the insoluble fraction. The supernatant was heat treated at 75 
°C for 20 min and centrifuged (5000 rpm for 20 minutes) to remove E. coli proteins (Godde et 
al., 2005). This lysate and the remaining 100 µL of the samples were used to run a 30% Mini-
PROTEAN® TGX™ SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis), by 
Bio-Rad (catalog number 456-1093), for 40 minutes at 200 V. The samples were previously 
denaturized by adding 2-β-Mercaptoetanol to the SDS loading buffer and heating them at 95 
°C for 10 min.  
 
3.5 Enzyme activity assay 
An EnzChek® Protease Assay Kit was used to assess the activity of the expressed protein. This 
test consists of a green direct fluorescence-based assay and detects serine, acid, and 
sulfhydryl proteases (Thompson et al., 2000, Bernard et al., 2003, Brzin et al., 2000). The 
procedure was followed as indicated in the kit manual. First, the substrate was reconstituted 
and the master mix prepared, containing 77,5 μL of the assay buffer and 12,5 μL of the 10 
μg/mL BODIPY-FL casein per reaction. Then, 50 µL of the lysates were applied to the wells of 
a black microtiter plate, and 50 µL of the master mix was added to each well. As a positive 
control, Alcalase® by Sigma (catalogue number 126741) was used. The reaction master mix 
was used as a negative control for this assay. The samples were incubated in the dark for 1 
hour at 37 °C. The fluorescence was determined in a microplate reader using standard 
fluorescein filters (excitation = 485, emission = 530). 
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Results 
4. Enrichment and isolation 
The sample containing the studied bacterium was enriched in MMF medium supplemented 
with peptone and yeast extract. After incubation for 48 hours at 65 °C, growth was checked 
under the contrast-phase microscope, showing very good growth. Then, the isolation by the 
dilution to extinction procedure followed. The microbe, named Fervidobacterium pennivorans 
strain T, was then studied in the contrast-phase microscope, showing the typical morphology 
found in the Thermotogales group: rods with a toga covering the cell. This bacterium can occur 
in couples or short chains. Some clusters were spotted as well, suggesting that this strain can 
form colonies when incubated using solid media. No spores were found. This culture was then 
assumed to be pure. 
 
5. Phylogenetic identification 
The phylogenetic analysis of the strain started with a PCR amplification of the 16S rRNA gene 
using the program described in the Material and Methods section. The PCR products were 
checked by a 1.5% agarose gel electrophoresis which results are shown in Figure 11. The gel 
showed bands of similar size for both control (wells 2 and 3) and F. pennivorans strain T (wells 
4 and 5), and consistent with the bacterial 16S sRNA gene size (Woese et al., 1983).  
 
 
Figure 11. 1.5% agarose gel electrophoresis showing: 1Kb Ladder (well 1), 16S rRNA PCR product from 
a positive control (Thermosipho africanus) (wells 2 and 3), 16S rRNA PCR product from the F. 
pennivorans strain T (wells 4 and 5), and negative control (PCR master mix) (wells 6 and 7).  
 
A cycle sequencing protocol using this PCR product was conducted. The DNA sequences 
obtained from each primer were merged and a consensus sequence was obtained 
corresponding to the nearly complete 16S rRNA gene. This sequence was compared in BLAST, 
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where it could be seen that the obtained 16S rRNA gene sequence is almost identical to F. 
pennivorans strains DYC (accession number CP011393.1) and DSM 9078 (the species type 
strain, with accession number CP003260.1), with an E-value of 0.0 and approximately a 99 % 
of sequence identity (1378 over 1394 nucleotides with 2 gaps for DYC strain, and 1376 over 
1394 nucleotides with 2 gaps for DSM 9078). 
 
6. Physiology and morphology  
6.1 Carbon sources utilization 
Different carbon sources were tested, for their potential use as growth substrates in 
biotechnological processes. 1 mL of culture was transferred from the master flask with 0.5 % 
peptone and 0.05 % yeast extract to flasks with 10 mL of MMF medium and the substrates 
shown in Table 13, with a concentration of 0.5% and 0.05% yeast extract. The flasks were 
incubated for 48h at 65 °C and then 0.5 mL was again transferred from these flasks to new 
ones with the same substrates and the same concentrations and incubated again for 48h. 
Peptone at 0.5 % was used as a positive control and only yeast extract at 0.05 % was used as 
a negative control. After this, growth was checked under the phase-contrast microscope. The 
flasks with galactose and glucose being the ones reporting the best growth. Following, dextrin 
was in the next step in preference, and then lactose, sorbitol and cellulose. Flasks with 
mannose, starch, sucrose and raffinose did not show good growth, but still were considered 
as positive, although using those substrates to grow this strain is not recommended. Finally, 
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Table 13. Substrates used to test the carbon utilization by F. pennivorans strain T. Very good growth 
under the phase-contrast microscope is represented as +++, good growth as ++, weak growth as +, no 
clear growth as +/- and no growth as -. 
Substrate Growth 



















6.2 pH test 
The ability of this microbe to grow at different pH was tested by setting up flasks with 10 mL 
MMF medium supplemented with peptone (0.5 %) and yeast extract (0.1 %), incubating them 
for 48 h at 65 °C with 1 mL inoculum of a F. pennivorans culture. Two different pH values were 
tested: 5.5 and 8.5, and no growth could be reported in any of the flasks after checking by the 
phase-contrast microscope. 
 
6.3 Osmotic stress 
For testing the tolerance of F. pennivorans strain T to osmotic stress, a battery of flasks of 10 
mL medium supplemented with peptone (0.5%) and yeast extract (0.1%) with 0.3 % (MMF 
without extra NaCl supplementation), 1 %, 2 %, 3 %, 4 % and 5 % of NaCl were set up and 
incubated at 65 °C for 48 h. Then, growth was checked under the phase-contrast microscope. 
The results can be seen in Table 14. Growth was positive and clear with NaCl concentration of 
1 %, but when increasing the amount of NaCl, the organism grew slowly, with no clear growth 
in flasks with 2 % and 3 % NaCl. In 4 % NaCl flasks, although there was growth, some dead cells 
could be spotted, meaning that this concentration starts to be toxic for the organism. In flasks 
with 5 % NaCl, more dead cells could be seen under the phase-contrast microscope, being not 
clear the ability of F. pennivorans to grow in these conditions. 
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Table 14. Concentration of NaCl used to test the tolerance of F. pennivorans to osmotic stress. Clear 
growth is represented as ++, no clear or very little growth as +/- and uncertain as -/+ 
 
NaCl Concentration (%) Growth 
Flask 1 Flask 2 
0.3 +++ +++ 
1 ++ ++ 
2 +/- +/- 
3 +/- +/- 
4 - +/- 
5 -/+ +/- 
 
6.4 Temperature tolerance 
Four different temperatures were used to test the thermo-tolerance of F. pennivorans strain 
T: 38 °C, 55 °C, 65 °C and 80 °C. Flasks were set up with 10 mL MMF medium containing 
peptone (0.5 %) and yeast extract (0.1 %), and incubated for 48h. Then, as no growth was seen 
in any of them under the phase-contrast microscope, all of them were again incubated for 48 
extra hours. Results after these 96 hours of incubation can be seen in Table 15. F. pennivorans 
is not able to grow either at 38 °C nor at 80 °C, as any cell could be spotted under the phase-
contrast microscope after the incubation time. It can thrive at 55.0 °C, though, needing more 
time to grow at this temperature. 
 
Table 15. Temperatures used to test F. pennivorans thermo-tolerance. Very clear growtg is 
represented as +++, clear growth as ++, and no growth is represented as -. 
Temperature (°C) Growth 
Flask 1 Flask 2 
38 - - 
55 ++ ++ 
65 +++ +++ 
80 - - 
  
6.5 Keratinase activity 
After four days, the start of the degradation of breast feathers was seen, and the same for 
wing feathers after one week of incubation. In Figure 12 can be seen that breast feathers were 
almost completely dissolved after one week, while wing feathers were almost fully 
disintegrated after ten days of incubation, as shown in Figure 13. 




Figure 12. Breast chicken feathers set up to test the keratinolitic activity of F. pennivorans strain T. 
Figure 2a shows the feathers just before incubation at 65 °C. Figure 2b shows dissolved breast feather 
after one week of incubation at 65 °C (left) and negative control (right). 
 
 
Figure 13. Wing chicken feathers set up to test the keratinolitic activity of F. pennivorans strain T. 
Figure 3a shows the feathers before incubation at 65 °C, with the negative control to the right. Figure 
3b shows dissolved wing feather after ten days of incubation at 65 °C (left) and negative control (right). 
 
6.6 Microscopy  
F. pennivorans strain T was studied using contrast-phase microscopy and SEM. The obtained 
pictures of the isolated strain are shown in Figure 14 and Figure 15. This strain’s morphology 
is typical for a bacterium belonging to the Thermotogae group: rod-shaped, straight to slightly 
curved cells with a sheath-like toga covering the bacterium. The cells occur singly, in pairs or 
in chains. Also, this strain presents pleomorphism, as some globular structures or terminal 
spheroids can be seen, as well as other different morphologies and shapes. No spores could 
be spotted. 





Figure 14. Phase-contrast microscope images of F. pennivorans strain T. The arrows point to the toga. 
 
 
Figure 15. Scanning electron microscope images of the isolated strain. Bar 1 µm.  
 
7. Genomic analyses 
7.1 Genomic DNA isolation 
After growing the bacterium in MMF medium as previously described and its growth checked, 
genomic DNA was isolated as mentioned. Then, a 0.8 % agarose gel electrophoresis was run, 
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loading approximately 150 ng of genomic DNA in two different wells. Figure 16 shows a picture 
of the mentioned gel, with the size marker used (left) and the two replicas of genomic DNA 
(right). The showed good quality and high molecular weight, being solid and without 




Figure 16. 0.8 % agarose gel electrophoresis showing: 1 kb Plus DNA Ladder (1) and F. pennivorans 
strain T genomic DNA (2 and 3). 
 
8. Genomic and Bioinformatic analyses 
8.1 Phylogeny 
A phylogenetic tree based on the 16S rRNA gene sequence was reconstructed for the 
members of the Fervidobacterium genus and it is shown in Figure 17. According to the 16S 
RNA gene sequence, F. pennivorans strain T is placed next to the F. pennivorans type strain 
(DSM 9078) in the tree with a bootstrap value of 37 %, while F. pennivorans DYC is placed next 
to these two, being these three strains clustered together 89 times each 100 this tree was 
iterated (bootstrap value of 89 %). 
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Figure 17. Neighbor-Joining phylogenetic tree of 16S rRNA gene sequences of members of the genus 
Fervidobacterium showing the relationship between the experimental strain and the rest of species of 
the genus. The 16S rRNA gene sequence of Thermosipho africanus was employed as an outgroup 
lineage. Bootstrap values as a percentage of 100 replications are presented. Bar, 0.01 changes per 
nucleotide position. Sequence accession numbers are shown in brackets 
 
8.2 Genomic analyses 
The genomic data of F. pennivorans strain T was downloaded and analysed. Prior to the 
genomic assembly the best k-mer length was determined using KmerGenie software, being 
the predicted best k value = 61, as shown in Figure 18.  
 
Figure 18. Representation of the number of genomic k-mers (y axis) related to the k-mer size (x axis). 
Optimal value is represented as the most represented k-mer size in the genome. 
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This k-mer size was used to assemble the genome with the CLC Genomic Workbench 11 suite. 
However, after a BLAST comparison, it was found that a certain number of contigs present in 
the sequence did not belong to F. pennivorans but to contaminations, most of them from 
human DNA. So, these contigs were manually filtered out from the sequence file. The genome 
was then uploaded to the RAST service for annotation, and analyzed using the SEED viewer, 
which summary output is shown in Table 16. The genomic size was 1,967.686 base pairs 
distributed in 28 contigs, with a GC content of 39.0 %. The genome was estimated to have 294 
subsystems coding for 1896 sequences and 48 RNAs.  
 
Table 16. Output of the summary of F. pennivorans draft genome analysis by the SEED viewer. 
Genome Fervidobacterium pennivorans strain T 
Domain Bacteria 
Taxonomy Bacteria; Fervidobacterium pennivorans strain T  
Size (base pairs) 1,967,686 
GC Content (%) 39.0 
N50 155906 
L50 5 
Number of Contigs (with PEGs) 28 
Number of Subsystems 294 
Number of Coding Sequences 1896 
Number of RNAs 48 
 
The SEED overview also included a chart with this bacteria’s subsystem information, where it 
could be seen the different categories and features of the subsystem, including metabolism 
and other features, according to the RAST automatic annotation. The mentioned chart is 
shown in Figure 19. It has been mentioned the ability of this group of bacteria to utilize a 
variety of carbon sources, and this can be seen in the SEED chart: up to 188 features are 
involved in carbohydrates metabolism, 35 in respiration, and 29 in protein degradation. In 
addition, there are remarkable features like those related with virulence, disease and defense, 
or the ones linked to dormancy and sporulation, although this bacterium belongs to a non-
sporulating group and some of these features were annotated as «sporulation-associated 
proteins with broader functions».  
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Figure 19. SEED viewer subsystem information which can be seen under the F. pennivorans overview 
in the browser.  
The Seed viewer was also used to perform a sequence comparison between the type and DYC 
strains with strain T’s genome. In Figure 20 can be seen the comparison of strain T with the 
type strain (DSM 9078), where the 85.2 % of the proteins show at least 95 % sequence identity 
with the type strain. When comparing with DYC strain the results were different, with 52.9 % 
of the sequences showing an identity of 95 % or more (Figure 21). 
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Figure 20. Percent protein sequence identity between F. pennivorans strain T genome, annotated in 
RAST, and F. pennivorans DSM 9078 strain.  
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Figure 21. Percent protein sequence identity between F. pennivorans strain T, annotated in RAST, and 
F. pennivorans DYC strain. 
 
Likewise, F. pennivorans DSM 9078 and F. pennivorans DYC strains were also compared using 
this tool. The representation of this comparison is shown in Figure 22. According to this 
annotation, these two strains have 46.2 % sequences that show a percent identity of 95 % or 
higher.  
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Figure 22. Percent protein sequence identity between F. pennivorans DSM 9078 strain and F. 
pennivorans DYC, according to RAST annotation. 
 
8.2.1 Average Nucleotide Identity 
F. pennivorans strain T was also compared to F. pennivorans type strain and DYC strain through 
an ANI estimation. In addition, DYC and DSM 9078 genomes were compared as well. The result 
of these comparisons is shown in Figure 23, Figure 24 and Figure 25, respectively. The 
comparison of the genome of F. pennivorans strain T with the type strain showed an average 
identity with the draft sequence of 97.28 % (SD = 4.39 %), with a median of 99.76. %. The 
average bit score was 1597, with a median of 1672.  
  Rubén Javier López – Master thesis 
 47 
 
Figure 23. Average Nucleotide Identity comparison between F. pennivorans strain T genome and F. 
pennivorans DSM 9078, represented as the distribution of the percentage of identities between the 
compared organisms (above), and the distribution of the Score of the comparisons (below). 
 
When comparing F. pennivorans strain T with F. pennivorans DYC strain, the average identity 
was 91.4 % (SD = 5.33 %), with a median of 89.97 %. Regarding the bit-score distribution, the 
ANI output showed an average score of 1335, with a median of 1279. 
 
 
Figure 24. Average Nucleotide Identity comparison between F. pennivorans strain T genome and F. 
pennivorans DYC, represented as the distribution of the percentage of identities between the 
compared organisms (above), and the distribution of the Score of the comparisons (below). 
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Finally, F. pennivorans DSM 9078 and F. pennivorans DYC were also compared through an ANI 
analysis. In this case, the comparison showed an average identity of 90.99 % (SD = 5.17 %), 
with a median of 89.89. %. The average bit score was 1348, with a median of 1301. 
 
 
Figure 25. Average Nucleotide Identity comparison between F. pennivorans DYC and F. pennivorans 
DSM 9078 strains, represented as the distribution of the percentage of identities between the 
compared organisms (above), and the distribution of the Score of the comparisons (below). 
 
So, according to the ANI estimation, F. pennivorans strain T and F. pennivorans strain DSM 
9078 belong to the same species, as the ANI is above 95 %. Nevertheless, when comparing 
both of them with DYC strain, the ANI values are 91.4 % and 90.99 %, respectively, meaning 
that F. pennivorans DYC should not be included in the F. pennivorans species.  
 
8.2.2 Genome-to-Genome distance calculation (GGDC) 
Another genomic comparison between the experimental draft genome and these two strains 
was conducted using the Genome-to-Genome distance analysis tool by Leibniz Institute 
(DSMZ), and the result is detailed in Table 17. When comparing F. pennivorans strain T with F. 
pennivorans type strain, the recommended formula “Identities / HSP length” (High Scoring 
Segment Pair) estimated a probability of 91.41 % that the DNA-DNA Hybridization (DDH) 
between these two strains is higher than 70 %, representing this value the species threshold. 
The probability that the DDH between F. pennivorans strain T with F. pennivorans DYC strain 
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is higher than 70 % was estimated by this tool in 20.18 %. Likewise, the type strain was 
compared with DYC strain, as shown. According to the GGDC estimation and using its 
recommended formula (identities / HSP length), the probability that these two strains belong 
to the same species is 7.21 %.  
 
Table 17. Genome-to-genome distance estimation between F. pennivorans strain T genome, the 
species type strain and DYC strain. Another comparison between type strain and DYC strain is also 
shown. DDH is the DNA-DNA hybridization value estimated by this calculator. The last row shows the 
estimation that the compared strains’ genomes hybridation percentage is over 70 %. 
Query genome Reference genome DDH Prob. DDH >= 70% 
F. pennivorans strain T F. pennivorans DSM 9078 81.1 91.41 
F. pennivorans strain T F. pennivorans DYC 50.4 20.18 
F. pennivorans DSM 9078 F. pennivorans DYC 44.3 7.21 
 
So, according to these results, F. pennivorans strain T and F. pennivorans DSM 9078 should be 
considered as the same species, but different strains. Likewise, F. pennivorans DYC should not 
be considered as a F. pennivorans.  
 
8.2.3 Genomic alignment 
The genome of F. pennivorans strain T was then aligned with F. pennivorans type strain, DSM 
9078, and with DYC strain, which got the highest score when comparing the 16S rRNA 
sequence of the studied bacterium with BLAST. These alignments were run with the Mauve 
software, using the progressive alignment algorithm, and reordered. Nevertheless, a high 
number of contigs of the sequenced genome did not find their correspondent sequence in the 
type strain. These contigs were compared with BLAST using the blastn algorithm and was 
found that they did not belong to F. pennivorans but to contaminations, proceeding most of 
them from human DNA.  
 
So, these contigs were deleted from the FASTA file and new alignments with the type and DYC 
strains were conducted, following the same procedure as before. The output of these 
alignments is shown in Figure 26 and Figure 27. As can be seen, the type strain has a genome 
visibly larger than F. pennivorans strain T genome: 2,166.381 bp, according to the Genbank 
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database, while the sequenced genome is shorter than 2 Mb. The alignment shows an almost 
perfect match and synteny between both genomes, with small gaps representing those 
fragments which did not find their homologous regions. 
 
 
Figure 26. Mauve output after the alignment of the F. pennivorans strain T (below) and F. pennivorans 
type strain (DSM 9078) (above). The vertical red lines represent contig boundaries. 
 
Likewise, the genome of the DYC strain is 2,061.852 bp long according to the Genbank 
database, visibly larger than F. pennivorans strain T genome, as can be seen in Figure 27. Both 
genomes aligned almost completely, with a small number of genomic gaps; nevertheless, 
according to Mauve, some parts of the genome of F. pennivorans strain T are inverted when 
comparing with DYC’s genome, being these fragments in different order, even after running 




Figure 27. Mauve output after the alignment of F. pennivorans strain T (below) and F. pennivorans DYC 
strain (above). The vertical red lines represent contig boundaries. 
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8.2.4 Dot-plot analysis 
Finally, these sequence comparisons were as well represented in a Dot-plot chart, using the 
Gepard tool and using the strain T contigs reordered, according to Figure 26, to spot the regions 
with high similarity and synteny. Figure 28 shows the representation of F. pennivorans DSM 
9078 and F. pennivorans strain T. The contigs were previously reordered with the Mauve 
software, using the type strain as the template sequence. It can be seen as almost every contig 
from the experimental genome finds its match with the type strain genome, indicating that 
these two genomes are almost identical, with only a few small gaps appearing/showing up in 
the representation. Likewise, in Figure 29 can be seen the dot-plot matrix for the global 
alignment of F. pennivorans strain T genome and F. pennivorans DYC. In this case, according 
with the plot, the sequences are not identical, with different order of some fragments and 





Figure 28. Dot-plot matrix comparison 
between the aligned genomes of F. 
pennivorans type strain, DSM 9078, (y axis) and 
the genome of F. pennivorans strain T (x axis). 
Gpard software with default parameters was 
used. The black line represents the matching 
sequences. 
 
Figure 29. Dot-plot matrix comparison 
between the aligned genomes of F. 
pennivorans DYC (y axis) and the genome of F. 
pennivorans strain T (x axis). Gepard software 
with default parameters was used. The black 
lines descending from left to right represent 
the matching sequences, being also in the 
same order. The “I’s” mark the inverted 
fragments. 
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Again, the species type strain, DSM 9078, was as well plotted against DYC strain to obtain their 
respective dot-plot matrix. As can be seen in Figure 30, the representation is almost identical 
to the one obtained after the plotting of the DYC strain against F. pennivorans strain T, with 
some differences between them and some inverted fragments.  
 
Figure 30. Dot-plot matrix comparison between the aligned genomes of F. pennivorans type strain, 
DSM 9078 (x axis) and F. pennivorans DYC strain (y axis). Gepard software with default parameters was 
used. The black lines descending from left to right represent the sequences which match and are in 
the same order. The “I’s” mark the inverted fragments. 
 
8.2.5 Conserved signature indels  
The genomes of the bacteria belonging to the genus Fervidobacterium were aligned using 
BLAST Ring Generator (BRIG) v0.95, and an image with a ring representation of this alignment 
was generated (Alikhan et al., 2011). This image is shown in Figure 31. The inner ring belongs 
to F. pennivorans strain T genome, then the GC skew and content are represented. The 
external rings correspond to the other members of the Fervidobacterium genus. The more 
intense the color in each ring, the higher the similarity found with the experimental genome.  
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Figure 31. Blast Ring Generator (BRIG) representation of the alignments of the Fervidobacterium 
species’ genomes. The internal circle corresponds to F. pennivorans strain T and the external ones 
belong to the different Fervidobacterium species. Sections with a GC stew are shown in green and 
purple, while the GC content is represented in black. 
 
Analyzing this figure, some parts with high level of similarity and a high GC skew were found. 
These parts were investigated using Artemis software. An example of this can be seen in Figure 
32, which shows a sequence in the strain T with a GC content significantly higher (values higher 
than 2.5 times the standard deviation) compared to the average content.  
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Figure 32. Artemis software snapshot showing a genome sequence region of F. pennivorans strain T 
with a GC content higher than 2.5 times the standard deviation (1), the three reading frames of the 
forward DNA chain, with the stop codons marked as a vertical black line and the annotated genes 
highlighted in blue (2). Also, the contig extension is represented (3).  
 
These fragments were also compared with BLAST to find possible homologues for each 
fragment or gene product. Some of these fragments were annotated and unique for F. 
pennivorans species, but others are shared by some or all the members of the genus (Figure 




Figure 33. Annotated DNA sequences with a GC content 2.5 times higher (or more) the standard 
deviation. For each fragment or gene product the presence or absence in the other Fervidobacterium 
members is shown, with the identity level provided by BLAST, being this 90 % or higher (represented 
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in green), between 89 % and 30 % (represented in yellow), and below 30 % or absent (represented in 
red). Also, it is shown if the fragments were found in other species with an E value below 1 · 10-100 
 
9. Cloning of a putative keratinase gene 
9.1 3D protein structure prediction 
A candidate gene encoding a putative keratinase was chosen, based on the annotations made 
by RAST. It was a protein which activity had not been reported. A 3D model of this keratinase 
was predicted using the SWISS-MODEL tool. From the templates found by this tool, two were 
selected. The selection was based on both coverage of the protein and percentage of identity. 
These two templates corresponded to fervidolysin (ID: 1r6v) and Pro-F17H/S324A (ID: 4jp8), 
a subtilisin homolog from Thermococcus kodakarensis (Yuzaki et al., 2013), with a sequence 
identity of 37.16 % and 36.05 %, respectively. The structures of both templates were resolved 
through X-ray method, with a resolution of 1.7 Å and 2.2 Å, respectively. 
 
The two models proposed by this tool had a coverage of 88 % for fervidolysin and an 82 % for 
Pro-F17H/S324A. The Global Model Quality Estimation was 0.63 for the one using the 
fervidolysin as a template and a GMQE of 0.61 for Pro-F17H/S324A, with a QMEAN of -5.09 
and -4.60, respectively. So, the fervidolysin model was the chosen model to build a 3D 
structure for the query protein. The model and the template are shown in Figure 34 and Figure 
35, respectively. Also, in Figure 36 can be seen the estimated QMEAN for the model in terms 
of the Z-score, supplied by SWISS-MODEL. QMEAN consists of four individual terms, listed in 
the mentioned figure, which compares: the interaction potential between Cβ atoms only, the 
interaction potential between all atoms, the solvation potential and the torsion angle 
potential. Values of Z-score equal to zero (white area of the plot) indicate that the value is 
similar to the expected one from experimental structures with similar size. Negative values of 
Z-score (red area of the plot) indicate that the model scores lower than experimental 
structures on average, and positive values (blue area of the plot) indicate that the model 
scores higher than experimental structures on average. The QMEAN is shown on top. 
. 
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Figure 34. Three-dimensional model of the 
protein predicted by SWISS-MODEL tool using 
fervidolysin as a template.  
 
Figure 35. Three-dimensional structure of the 
fervidolysin, used as a template to predict the 
structure of the cloned keratinase. 
 
Figure 36. Estimated QMEAN for the model in terms of the Z-score, comparing: the interaction 
potential between Cβ atoms only, the interaction potential between all atoms, the solvation potential 
and the torsion angle potential. 
 
In Figure 37 can be seen a plot with the Local Quality estimation provided by the tool. This 
plot shows, for each residue of the model (reported on the x-axis), the expected similarity to 
the native structure (y-axis). Finally, Figure 38 shows a comparison plot where it is shown the 
score of the model related to scores obtained for experimental structures of similar size. The 
x-axis shows protein length (number of residues). The y-axis is the normalized QMEAN score. 
Every dot represents one experimental protein structure, being the black dots structures 
within 1 standard deviation of the mean (Z-score between 0 and 1), and the grey dots those 
structures with a Z-score between 1 and 2, or above (within 1 and 2 standard deviation of the 
mean or above). The model is represented with a red star. 
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Figure 37. Local quality estimate of the model, 
showing, for each residue (x-axis), the 









Figure 38. Comparison plot between size of 
proteins which structures have been 
experimentally resolved and their QMEAN 
score. Black dots represent proteins with a 
QMEAN within 1 standard deviation of the 
mean, and grey ones correspond to proteins 
with QMEAN between 1 and 2 or above 2 
standard deviations of the mean. The model is 
represented as a red star
 
SWISS-MODEL also provided an alignment between the template used to resolve the model 
and the query sequence. In this alignment it can be seen that the catalytic triad of the enzyme 
is present in both the template and the model Figure 39 . 
 
 
Figure 39. Sequence alignment of the putative keratinase of F. pennivorans strain T and the template 
used to resolve its three-dimensional model (fervidolysin). 
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9.2 Multiple sequence alignment 
The conservation of the catalytic triad in the expressed keratinase (a peptidase S8) was 
assessed by comparing its sequence with all the homologues found after a PSI-BLAST query. 
256 sequences where found after four iterations. The catalytic triad of the protein consists of 
three amino acids placed in specific points of the molecule (Figure 40). 
 
 
Figure 40. Schematic representation of the substrate-binding region of fervidolysin. The catalytic 
residues (D32, H64, and S221) and the oxyanion (N155) are marked in boldface. C and N denote the C-
terminus and the N-terminus of the substrate, respectively (Kluskens et al., 2002) 
 
These amino acids are: Aspartic acid, Histidine and Serine. Figure 41 shows the multiple 
sequence alignment made with JalView software, where it can be seen that the candidate 
protein had this mentioned triad: Asp154, His190 and Ser377. This catalytic center was also 
conserved in all the peptidase S8 sequences found after the PSI-BLAST query. 
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Figure 41. Multiple sequence alignment of 11 selected peptidase S8 found after a PSI-BLAST search. 
The catalytic triad of the peptidase S8 was found in all the sequences. In the expressed protein it was 
placed in Asp154, His190 and Ser377 as can be seen in A, B and C, respectively. 
 
9.3 Keratinase phylogeny 
Another phylogenetic tree was built, based on the expressed keratinase, for the members of 
Fervidobacterium genus. F. riparium was excluded because its genome cannot be found in 
Genbank database. This tree is shown in Figure 42, and it can be seen that the expressed 
keratinase is placed next to the one from F. pennivorans type strain (DSM 9078) with a 
bootstrapping value of 100%, meaning that these strains were clustered together every time 
the tree was reconstructed. Likewise, F. islandicum and F. changbaicum were grouped in the 
same node with a bootstrapping value of 100%, too but these four species are clustered in a 
node which has been grouped together 69 times every 100 the tree was reconstructed. 
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Figure 42. Bio Neighbour-Joining phylogenetic tree based on the expressed keratinase gene sequence 
with the members of the genus Fervidobacterium. The relationship between the experimental strain 
and the rest of species of the genus is shown. The homologue gene sequence of Thermosipho africanus 
was employed as an outgroup lineage. Bootstrap values as a percentage of 100 replications are 
presented. Bar, 0.03 changes per nucleotide position. Accession numbers, if available, are shown 
in brackets.  
 
9.4 Signal peptide prediction 
First, the signal peptide of the protein was predicted with the Signal IP server, using the 
algorithm optimized for gram negatives. The graphical output from SignalP shows the three 
different scores, C, S and Y, for each position in the sequence (Figure 43). C score shows signal 
peptide cleavage sites, S score is used to recognize positions within signal peptides, and the Y 
score predicts better the cleavage site than the raw C-score alone. 
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Figure 43. Graphical output from SignalP 4.1 server, showing C, S and Y scores for the first 70 amino 
acids of the query sequence. C score distinguish cleavage sites, S score distinguish positions with signal 
peptides and Y score predicts cleavage sites.  
 
The summary supplied by SignalP 4.1 is shown in Table 18, and reports the maximal value for 
these three scores, and two extra values: the average S-score (Mean S ) of the possible signal 
peptide (from position 1 to the position immediately before the maximal Y score) and the  
discrimination score (D-score), the value used to discriminate signal peptides from non-signal 
peptides, being a weighted average of the mean S and the maximal Y scores. 
 
So, according to these calculations, a cleavage site was found between positions 21 and 22, 
suggesting a signal peptide from position 1 to 21. 
 
Table 18. Summary output supplied by SignalP 4.1. Maximal C, Y and S values are shown. Also, Mean 
S (average S score from the positions 1 until the one immediately before the maximal Y score) and D 
score (weighted average of mean S and maximal Y scores). 
Measure Position Value Cutoff Signal peptide 
Maximal C 22 0.213   
Maximal Y 22 0.441   
Maximal S 11 0.953   
Mean S 1-21 0.926   
D Score  1-21 0.669 0.570 YES 
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9.5 PCR and product cloning 
The designed primers were used to conduct a (PCR) targeting the gene encoding the protein 
we wanted to express, without the signal peptide. To check the success of the PCR and to 
assess the quality and size of the PCR product, an 1.5 % agarose gel electrophoresis was run 
(Figure 44). It can be seen that the reaction was positive only for the sample DNA, as no bands 
were found for the negative control. Furthermore, these positive bands belonged to a DNA 
fragment with a length consistent with the expected one: The length of the gene was 
estimated by RAST to be 1320 base pairs and 1257 after removing the signal peptide. 
 
 
Figure 44. 1.5% agarose gel electrophoresis showing: 1Kb Ladder (well 1), negative control (PCR master 
mix) (wells 2 and 3), and PCR product pointing to the gene of interest from F. pennivorans strain T 
(wells 4 and 5).  
 
The vector used for cloning was the plasmid pINIT_tet with a marker gene for resistance to 
tetracycline. After growing the host cells with vector plasmid, plasmids were isolated and a 
gel electrophoresis was run to check their quality and size. Figure 45 shows a picture of the 
mentioned gel: in the first well a Supercoiled plasmid marker was loaded, and the isolated 
plasmids were loaded in wells 2 and 3. Clear bands could be seen in wells 2 and 3, and their 
size were congruent with pINIT_tet length, which is 5599 base pairs.  
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Figure 45. 0.8 % agarose gel electrophoresis showing: supercoiled DNA ladder (well 1) and pINIT_tet 
plasmid isolated from Escherichia coli (wells 2 and 3). 
 
After ligation and transformation, a new plasmid DNA extraction was conducted to isolate the 
obtained recombinant constructions (pINIT_tet plasmids with the gene of interest inserted) 
from six colonies grown in LB agar supplemented with tetracycline (10 µg/mL). These 
constructions were used to run a 0.8 % agarose gel electrophoresis for evaluation (Figure 46). 
The empty pINIT_tet plasmid was also loaded as control in this gel. Bands 2 and 3 correspond 
to the empty pINIT plasmid, and 4 and 5 belong to 2 candidate colonies. It can be seen that 
both of them carried the plasmid, being the DNA loaded in well 5 larger.  
 
 
Figure 46. 0.8 % agarose gel electrophoresis showing: super coiled DNA ladder (well 1), empty 
pINIT_tet plasmid (wells 2 and 3) and two colonies candidates to carry pINIT plasmid with the insert 
(wells 4 and 5). 
 
To verify the presence of the insert in the mentioned candidates, insert of the isolated 
plasmids were sequenced. The DNA fragments were then aligned and merged, and then 
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aligned with the peptidase gene using MEGA 7 software. It was found that one of the 
candidates (the one loaded in well 5 in the previous electrophoresis) matched 100 % with the 
expected sequence.  
9.6 Cloning in expression vectors 
Once the constructions were confirmed, the experiment followed as described, with the sub-
cloning procedure of the keratinase gene in the expression vectors (p7xNH3 and p7xC3H) and 
the subsequent PCR to check the presence of the insert-containing plasmids in the cells after 
overnight incubation in LB medium with kanamycin. Three colonies per series were picked and 
analysed. Figure 47 shows a gel electrophoresis run after plasmid extraction to check its size 
and integrity. Two replicates of each plasmid were loaded, being found that both size and 
integrity were as expected. Lanes 2 and 3 correspond to the p7xC3H plasmid (6999 base pairs), 
and lanes 4 and 5 to the p7xNH3 plasmid (6976 base pairs). Figure 48 shows the 1.5 % gel 
electrophoresis run after the mentioned PCR. Lanes 2 to 7 show the bands belonging to the 
colonies expected to carry p7xC3H plasmids, and lanes 8 to 13 correspond, likewise, to the 
colonies candidate to carry p7xNH3. The expected size of the amplified fragment employing 
the described primers was approximately 1600 base pairs for both reactions. All colonies were 
verified as positive, except for one p7xNH3 candidate. The positive colonies showed good 




Figure 47. 0.8 % agarose gel electrophoresis 
showing: super coiled DNA ladder (lane 1), 
p7xC3H plasmid (lanes 2 and 3) and p7xNH3 
plasmid (lanes 4 and 5). 
 
Figure 48. 1.5 % gel electrophoresis showing: 1 
kB DNA ladder (lane 1), PCR products belonging 
to candidates to carry p7xC3H plasmid (lanes 2 
to 7) and p7xNH3 (lanes 8 to 13). 
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9.7 Protein expression 
The expression of the protein was tested by running a sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) analysis, using two different fractions: the cell lysates on one 
side and the sonicated cells on another. In addition, cells without induction were used as 
negative control. Figure 49 shows the result of the mentioned gel. The first lane corresponds 
to the size marker, and lanes from 2 to 5 correspond to the cleared lysate samples, after 
heating and centrifugation. Lane 2 belong to the induced cells carrying p7xNH3 construction, 
and lane 4 belong to the induced cells carrying p7xC3H construction. Lanes 3 and 5 correspond 
to the uninduced cells. It can be seen a band in lanes number 2 and number 4, being this band 
congruent with the expected protein size, which is 45.76 kDa after removing the signal 
peptide, according to the molecular weight calculator available in the Sequence Manipulation 
Suite (Stothard, 2000). This band could not be seen in the uninduced cells. The presence of 




Figure 49. 30 % sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), showing: 
Rainbow size marker (lane 1), cell lysates (lanes 2, 3, 4 and 5), corresponding lanes 2 and 4 to the cells 
induced with Isopropyl β-D-1-thiogalactopyranoside (IPTG), carrying p7xNH3 and p7xC3H 
constructions, respectively. 
  Rubén Javier López – Master thesis 
 66 
9.8 Protease activity assay 
The activity of the expressed protease was assessed by an activity assay based on a 
fluorometric measurement. After the master mix and sample preparations, the array was 
incubated for 1h at 37 °C, as described in the Materials and Methods section. After incubation, 
the fluorescence was read by a plate reader software (Hidex Sense, v0.5.11.1), and the results 
were plotted. This plot can be seen in Figure 50, where can be seen the Fluorescence Units 
(RFU) output by the software for each sample after 1 hour incubation at 37 °C. 
 
Figure 50. Activity of the different lysates tested in the protease activity assay, measured in RFU 
(Fluorescence Units). The chart shows the activity of the lysates without IPTG induction (negative 
controls), represented as NH3 control and C3H control, as well as the activity of the induced cells’ 
lysates, represented as NH3 and C3H. Alcalase bars correspond to the positive control. 
This assay was considered as a preliminary test to check the activity of the expressed 
keratinase. It can be seen that there the induced samples showed higher activity than the 
uninduced ones, suggesting that the protein might be active. However, as the enzyme is 
supposed to be thermos-stable, this assay was also conducted at 60 °C, but the obtained 




















1 hour @ 37C
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Discussion  
10. Discussion of the Material and Methods  
10.1 Media preparation and enrichment 
Although the water sample was stored at room temperature for about one year, it could still 
be used for enrichments when incubated at 65 °C in an appropriate medium. The medium 
recipe used to grow this strain was reported to work successfully for different Thermotogae 
species in the past. Its composition is similar to other recommended media for this species 
(DSMZ, 1969, Atlas, 2004). However, it had some differences, as the presence of a small 
amount of NaCl (3 g/L), or different concentration of other salts: for instance, in MMF the 
concentration of NH4Cl is 0.25 g/L, but 0.5 g/L in the “Fervidobacterium medium” suggested 
by DSMZ, and 0.9 g/L in the one provided by Atlas. Still, the bacterium grew well when 
incubated in MMF supplemented with the proper carbon sources, so this was the medium 
used for the rest of experiments of this work.  
 
Although the technique used to prepare the culture media was described in 1950 it is still used 
after some modifications and updates. The principle and the goal are the same than the ones 
described in the classic method: to take advantage of the low solubility of oxygen at high 
temperatures and flush the medium with the appropriate sterile gas (N2, CO2, etc.) while 
cooling the preparation in the presence of a reducing agent and a redox indicator (Hungate, 
1950). Although this procedure requires some training and supervision the first times it is 
performed, and despite it also needs a relatively complex infrastructure, this is a highly 
effective method, that almost guarantees the absence of oxygen in the medium and the 
preservation of a reducing environment, perfect for anaerobic microorganisms.  
 
10.2 Strain isolation 
The dilution to extinction method was conducted to isolate the bacterium and obtain a pure 
culture. This method benefits the most abundant microbes present in a potentially 
heterogenous culture and it has been widely used, especially for oligotrophic, slow-growing 
microbes or, in general, those which are not easily culturable in the lab. The underlaying 
principle of this procedure is to progressively reduce the diversity of the culture by repeatedly 
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diluting the samples, ideally down to single cells, before their culture in isolation (R. et al., 
2010, Button et al., 1993). After two rounds of dilution to extinction, the culture was assumed 
to be pure and the strain, thus, isolated. Furthermore, the incubation temperature was an 
extra selection factor, as only thermo or hyper-thermophiles can grow at 65 °C. These 
assumptions are congruent with the results of the further analysis conducted, such as the 
strain identification experiment or the genomic sequencing, as no contaminations could be 
spotted, neither as interferences in the sequence chromatograms after sequencing, nor under 
the microscope or in the form of genetic fragments from other microbes. However, this 
method is not appropriate for isolating the less represented species in a sample, as after 
several dilution rounds only the most abundant ones will remain/persist. This is an important 
drawback if it is needed to isolate a poorly represented species in the sample.  
10.3 Carbon utilization 
The Fervidobacteriaceae need yeast supplement to grow (Friedrich and Antranikian, 1996, 
Kanoksilapatham et al., 2016, Podosokorskaya et al., 2011, Cai et al., 2007, Andrews and Patel, 
1996, Huber et al., Patel et al., 1985), and the recommended concentration for F. pennivorans 
is 2 g/L (DSMZ, 1969) or 3 g/L (Atlas, 2004), plus another organic carbon source. However, 
during these tests, growth was spotted in the negative control flasks unless the yeast extract 
concentration was 0.5 g/L or lower. So, all the negative control flasks contained only MMF 
basal medium and a yeast extract concentration of 0.5 g/L. Furthermore, an extra step was 
performed: 1 mL of the master medium was transferred to the flasks with MMF medium and 
the tested carbon source and, after 48 h, 1 mL from these flasks were transferred to new ones 
with, again, MMF medium and the respective carbon source to test. This extra step helped to 
avoid false positives, as the master flask contained a richer medium that might have 
stimulated the inoculum to grow in the new environment. The substrates were chosen based 
on its potential biotechnological interest and/or due to inconclusive results in the literature. 
Growth was verified by checking the presence of bacteria under the phase-contrast 
microscope, which is not the optimum way to assess the viability of the cells due to the risk of 
having false positives, as some of the bacteria spotted might have been optical artifacts or 
being dead. Nevertheless, direct verification under the phase-contrast microscope was 
considered a sufficient approximation to qualitatively assess the utilization of the nutrients. 
Furthermore, the microscope analysis allowed to check for changes in the morphology of the 
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cells, or spot any other visible changes in them: clustering, opacity changes, different growing 
patterns, etc. 
10.4 Temperature tolerance  
It has been reported that the type strain of F. pennivorans can grow between 50 °C and 80 °C 
(Friedrich and Antranikian, 1996). In this test, three different temperatures have been tested 
to try to assess the minimum and maximum temperatures this organism can thrive: 38 °C , as 
thermophiles cannot divide if temperature is lower than 40 °C, and 80 °C, as the limit between 
thermophiles and hyper-thermophiles (Madigan et al., 2014). Two extra temperatures were 
included: 65 °C, as the recommended incubation temperature for this organism, and 55 °C. 
The chosen medium for this test was MMF supplemented with peptone and a yeast extract 
concentration of 0.1 % (1 g/L) instead of 0.05 % (0.5 g/L) used in the carbon utilization test, to 
ensure the nutrients concentration were not a growth limiting factor. Again, growth was 
assessed by analyzing each sample under the phase-contrast microscope despite the 
objections exposed before, as the same benefits and reasons described also apply for this test.  
 
10.5 Osmotic stress tolerance 
The range of NaCl concentration F. pennivorans can tolerate has been established in 0-40 g/L, 
4 g/L being the optimum concentration (Kanoksilapatham et al., 2016, Podosokorskaya et al., 
2011, Cai et al., 2007). Thus, a battery of flasks, in duplicates, with NaCl concentrations ranging 
from 10 g/L until 50 g/L was set up. The basal MMF medium contains 3 g/L, close to the 
reported optimum, so this was the NaCl concentration chosen to grow the bacteria for 
biomass collecting when needed. This battery of flasks was directly inoculated from the 
master culture, without intermediate step, as the NaCl concentration in this culture was lower 
than the lowest one disposed in this test. Growth was determined after observation by phase-
contrast microscope. In this case, some weird and unusual cellular shapes were spotted at 
higher NaCl concentrations, so checking the cultures under the phase-contrast microscope 
was especially useful for this test. 
10.6 pH tolerance 
The tolerance to pH variations for this F. pennivorans ranges from 5.5 to 8.0 (Kanoksilapatham 
et al., 2016, Podosokorskaya et al., 2011, Cai et al., 2007), and growth has been reported even 
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at pH 5.0, but in this case with doubling times of 24 h (Friedrich and Antranikian, 1996). So, 
for this test a battery of flasks with pH 5.5 and 8.0 were set up, in duplicates. The chosen 
method to assess the viability of the cells was again the analysis of each culture under the 
phase-contrast microscope, with the pitfalls and benefits previously reported. Again, the 
medium used in this test was MMF with 0.5 % peptone and 0.1 % yeast extract, to ensure the 
nutrients did not imply a growth limitation.  
 
10.7 Keratinase activity  
F. pennivorans is one of the Fervidobacterioaceae species able to grow on feathers, thus 
showing keratinolytic activity (Lee et al., 2015b, Friedrich and Antranikian, 1996). This ability 
was tested by inoculating 1 mL of a dense F. pennivorans culture into a flask with fresh MMF 
supplemented with 0.5 % peptone and 0.05 % of yeast extract. The feathers were sterilized 
by tindalization for 60 minutes at 100 °C (Friedrich and Antranikian, 1996). Beforehand, the 
feathers were cleaned by immersion in a methanol:ethanol solution (1:1) to wash out the dirt 
from the feathers, as well as to eliminate the lipases the feathers might have had, since they 
may have interfered with this experiment. Despite it has been reported that after an 
incubation of 48 hours this strain is able to completely degrade chicken feathers (Friedrich 
and Antranikian, 1996), in this experiment more incubation time was needed to obtain the 
same results; so, the cultures have been under a continuous monitoring, inspecting them 
every 24 hours, both by direct checking the feather inside the flask, and by analyzing the cells 
under the phase-contrast microscope until the feathers were degraded. 
 
10.8 Discussion of the genomic methods 
10.8.1 DNA isolation and strain identification 
The genomic DNA was isolated using a NA2100 SIGMA GenElute™ Bacterial Genomic DNA 
extraction kit, by Sigma-Aldrich, since it was the fastest and most reliable method available. 
The DNA was quantified with a NanoDrop™ One/OneC Microvolume UV-Vis 
Spectrophotometer. The NanoDrop is not the most reliable method to quantify DNA, but the 
quality of the DNA extraction can also be assessed, and it was considered that the quality 
check was more important than the quantification accuracy in this step. The DNA was run in 
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a 0.8 % gel electrophoresis, for 45 min at 5 V/cm, as ThermoFischer recommended this 
configuration for its DNA GeleRuler best performance. 
 
The strain identification was based on PCR amplification of the 16S rRNA gene and following 
comparison of its sequence with BLAST searches (Woese et al., 1983). The PCR protocol 
(Peake, 1989) and program were designed following the indications of the polymerase 
supplier, to optimize its performance. It was decided to use genomic DNA from Thermosipho 
africanus as a positive control, since this bacterium was identified following this same 
procedure, so its behavior was known. The reaction Master Mix was used as a negative 
control, as it contained exactly the same components than the experimental PCR except for 
the DNA template. Furthermore, all reactions were run in duplicates, to minimize the 
possibility of errors.  
 
For the sequencing reaction, four primers were chosen: two of them for the forward direction 
and the other two for the reverse. In addition, for each direction, the primers were chosen 
considering the gene sequence: so, two of them primed the elongation from the first positions 
of the gene (16S forward and 16S reverse), and the other two started feeding in middle 
positions (575 Forward and K517 Reverse). 
 
So, four different nucleotide sequences were obtained, one per each primer. These were 
aligned, merged and a consensus sequence was generated. This consensus sequence 
corresponded to the 16S gene of the studied strain, and was used to perform a BLAST 
comparison to find its closest relatives. The studied strain was then identified as 
Fervidobacterium pennivorans, and, according to the score provided by the alignment 
calculated by blastn algorithm, closer to F. pennivorans DYC strain than to the species type 
strain, F. pennivorans DSM 9078. So, these two strains were the chosen ones to perform the 
following genetic and genomic comparisons. 
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10.9 Discussion of the Genomic and Bioinformatic analysis methods  
10.9.1 Phylogenetic trees construction 
The first step to build a phylogenetic tree is to perform a MSA with all the sequences of 
interest. In this case, two trees have been built: one based on the 16S genes of all the members 
of the Fervidobacterium genus, and another one based on the amino acidic sequence of the 
protein cloned and expressed in Escherichia coli, also taking in account all the species of the 
Fervidobacterium genus which had a homologue of the mentioned protein. These sequences 
were downloaded in FASTA format from the Genbank database. In addition, an extra species, 
external to the group, was included to root the tree. As all the sequences had the same length, 
the algorithm chosen to conduct the mentioned alignment was Clustal Omega, as it is fast, 
reliable and suitable to perform global alignments of sequences of similar length (Sievers et 
al., 2011). The tree was resolved using an improved Neighbor-Joining clustering algorithm, 
called Bio Neighbor-Joining, a model well adapted when the calculations are obtained from 
aligned sequences (Gascuel, 1997). The nucleotide distance was measured by the Kimura 80 
method, which assumes different mutation rates for transversions and transitions, since the 
latter occur more frequently (Kimura, 1983). The tree quality was then tested by non-
parametric bootstrapping. With this method, a multiple sequence alignment of the same 
length is generated a certain number of times with random duplicate of some of the sites, 
being the tree repeatedly sampled through this slightly perturbed dataset (Efron and 
Tibshirani, 1994).  
10.10 Genomic analyses 
10.10.1 Genome assembly and annotation 
The experimentally obtained genome of F. pennivorans strain T was sequenced using a 
commercial Next Generation DNA sequence provider based on Illumina technology. DNA of 
good quality and in sufficient amount (at least 1 µg) was required. So, after the genomic DNA 
isolation these parameters were checked by analyzing and measuring the extracted DNA with 
NanoDrop and an agarose gel electrophoresis, as detailed before. Again, as the quality of the 
DNA was more important than the accuracy of the quantification, the NanoDrop was used. 
The genome was assembled with CLC Genomic Workbench 11.0. The optimal k-mer length for 
the genome assembly was determined using KmerGenie software. KmerGenie computes the 
k-mer abundance histogram for many values of k. Then, for each value of k, it predicts the 
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number of distinct genomic k-mers in the dataset, and returns the k-mer length which 
maximizes this number, estimating the best k-mer length for genome de novo assembly 
(Chikhi and Medvedev, 2014). As explained, the genome was then uploaded for annotation to 
the RAST website, which turned out to be fast, having the genome completely annotated after 
only a few hours. This annotation system, in combination with the SEED website, is useful and 
convenient, since it allows to easily find genes, clusters of operons, perform internal queries 
based on BLAST, or compare the query organism with external sequences or genes. It also 
permits comparing the annotated genome with other ones, either available in their database 
or uploaded and annotated by the researcher; these comparisons include function or 
sequence based genomic comparisons, or even dot-plot matrices representations. The main 
inconvenience of this tool, and others of its kind, is that it is very difficult or impossible to 
identify new gene functions if they are not annotated in the database. In addition, sometimes 
these annotations are not reliable and can be misleading. 
 
10.10.2 Average Nucleotide Identity 
Although a consensus has still not been reached, it is assumed that two bacterial strains 
belong to the same species if the similarity in their 16S rRNA gene sequence is higher than 97 
% and their genomic DNA hybridization percentage is higher than 70 % (STACKEBRANDT and 
GOEBEL, 1994). Nevertheless, as the experimental DNA-DNA hybridizations has been criticized 
for being difficult to implement, bioinformatic estimations have become more important in 
the last years, the ANI calculation being one of them, as there are studies suggesting that it is 
an exceptionally robust and sensitive method for measuring evolutionary relatedness among 
closely related bacterial strains (Konstantinidis et al., 2006). The ANI test calculates the 
average percentage of DNA hybridization between two genomes to infer if they belong to the 
same species, based on a mathematical model that predicts the DNA hybridization between 
them. The output provided by the tool includes the Average Nucleotide Identity itself and two 
charts, representing the frequency of each identity percentage of the comparison, and the bit-
score distribution of the compared genomes, respectively. 
 
10.10.3 Genome-to-genome distance analysis 
Similarly to ANI, this test estimates the distance between two genomes to infer if they belong 
to the same species or subspecies, based on a mathematical model that predicts the 
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percentage of DNA hybridization between them. The designers of this algorithm claim that 
the estimations by GGDC yield a better correlation with wet-lab DDH determinations than 
other approaches. They also state that these calculations can cope with repetitive sequence 
regions and that they have been proved very robust when estimating distances with 
incomplete or draft genomes (Meier-Kolthoff et al., 2013). The supplied output includes the 
probability that DNA-DNA Hybridization is higher than 70 %, meaning that the input genomes 
belong to the same species, and the probability that DNA-DNA Hybridization is higher than 79 
%, meaning that the input genomes belong to the same sub-species. 
 
10.10.4 Dot-plot matrix 
A dot-plot matrix is a graphical representation of the global alignment two sequences. The 
comparison is done by scanning each residue of one sequence comparing with all residues in 
the other sequence. If a residue match is found, a dot is placed within the graph. When the 
two sequences have substantial regions of similarity, the sequence alignment is revealed by 
the formation of a diagonal line. The interruptions in the middle of the line indicate insertions 
or deletions. Parallel diagonal lines within the matrix represent repetitive regions of the 
sequences, and perpendicular lines represent fragment inversions (Xiong, 2006). Dot plot 
matrices allow to easily visualize in a graphic way the global alignment between two large 
sequences. It is easy to spot deletions, insertions or even inversions. The dot-plot matrix 
shown in this work was built using Gepard software, which builds the matrix based on heuristic 
calculations (Krumsiek et al., 2007).  
 
10.10.5 Genomic alignment 
The genomic alignments presented in this work were conducted using Mauve software. 
Mauve constructs genome alignments in the presence of large-scale evolutionary events such 
as rearrangement and inversion. These alignments allow the study of genome-wide 
evolutionary dynamics and provide a basis for comparative genomics. Genome alignments can 
also identify evolutionary changes in the DNA by aligning homologous regions of sequence. In 
addition, Mauve also identifies orthologous regions which may have been reordered or 
inverted. It also allows ordering contigs of a draft genome to compare it with a template 
genome (Darling et al., 2004). 
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10.10.6 Conserved signature indels 
Conserved signature indels (CSI) can be used as molecular markers to easily identify a species 
or group of organisms (Gupta and Bhandari, 2011, Gupta, 1998) . The strategy followed to find 
CSI candidates was the analysis of the GC composition of the sequenced genome, and the 
following search of genomic areas with a GC skew in the genome (Che et al., 2014). To try to 
find CSI candidates in the different species of the genus Fervidobacterium, all the genomes 
were aligned and represented using BRIG, a tool based on BLAST capable of producing high 
resolution graphs with the aligned genomes and extra statistics, such as GC content, GC skew, 
etc. So, those fragments with a clear GC skew present in the experimental genome as well as 
in other of the members of the genus were traced. Then, these sequences were pasted into 
BLAST website to find homologues or similar sequences. Some of these fragments were 
annotated, but others were not. For the latter, the sequences were translated into their 
hypothetical products, and they were likewise compared to the BLAST database.  
 
10.10.7 3D protein structure prediction 
The 3D structure of the expressed protein was predicted based on the information contained 
in its amino acidic sequence, looking for homologues proteins with structure already resolved 
by experimental methods. When the similarity percentage is sufficient enough with a protein 
which structure has been experimentally described, then a reliable model for the query 
protein can be estimated. SWISS-MODEL was the chosen structure modelling server, based on 
homology and accessible via the ExPASy web server (Bienert et al., 2017). Thus, the first step 
was finding an experimentally resolved template with at least a 30 % identity with the 
peptidase of F. pennivorans (Xiong, 2006). The server found a total of 235 candidate templates 
combining different search strategies (BLAST and HHBlits) against the SWISS-MODEL library. 
From all of these, the most suitable 50 templates were selected and shown for manual 
inspection. The template selected to build the model was 1r6v.1.A, the fervidolysin of F. 
pennivorans DSM 9078, since both the identity level with the query protein and the resolution 
of the experimental structure were the highest ones among all the templates, with 37.16 % 
and 1.7 Å, respectively. In addition, a second template was selected: 4jp8.1, a peptidase from 
Thermococcus kodakarensis, due to the high sequence coverage with the query protein.  
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10.10.8 Multiple sequence alignment 
A Multiple sequence alignment (MSA) of the expressed peptidase and all the homologues 
found was prepared, to assess the conservation and presence of the catalytic triad in the 
mentioned expressed protein. PSI-BLAST first performs a regular blastp search with the query 
protein, but then builds a position-specific scoring matrix (PSSM) or profile. Then, this PSSM 
is used in subsequent iterations to further search the database for new matches, being 
updated every iteration with the newly detected sequences. PSI-BLAST is a very sensitive and 
useful search strategy to detect distant related proteins, but still with biologically significant 
similarities with the query sequence. It has been estimated that the profile-based approach is 
able to identify three times more homologs than regular BLAST. (Altschul et al., 1997, Xiong, 
2006). Four iterations were run, until no new sequences were found and added to the PSSM, 
then all the sequences were downloaded and saved in a FASTA file. The MSA was performed 
using ClustalO algorithm under JalView software.  
 
10.11 Cloning of a keratinase gene 
The method used to clone the gene of interest into Escherichia coli is called FX cloning. Its 
name is derived from “fragment exchange” cloning and is based on a class IIS restriction 
enzyme and negative selection markers. It allows sub-cloning either a sequence-verified open 
reading frame (ORF) or even PCR products to a variety of expression vectors, leaving only a 
single amino acid to either side of the protein (Geertsma and Dutzler, 2011). 
 
10.11.1 Signal peptide prediction 
The signal peptide of the protein was predicted with the Signal IP server. This tool uses neural 
networks which produce three output scores for each position of the query sequence to 
predict a possible signal peptide:  
- C-score (raw cleavage site score): output from the CS networks, trained to distinguish 
signal peptide cleavage sites from everything else. 
- S-score (signal peptide score): output from the SP networks, trained to distinguish 
positions within signal peptides from positions in the mature part of the proteins and 
from proteins without signal peptides.  
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- Y-score (combined cleavage site score): the geometric average of the C-score and the 
slope of the S-score, resulting in a better cleavage site prediction than the raw C-score 
alone.  
 
The SignalP 4.1 tool provides also a summary, reporting the maximal value for the mentioned 
three scores, and two extra ones: 
- Mean S: average S-score of the possible signal peptide (from position 1 to the position 
immediately before the maximal Y score). 
- D score (discrimination score): a weighted average of the mean S and the maximal Y 
scores. This is the score used to discriminate signal peptides from non-signal peptides. 
 
10.11.2 PCR and product cloning into sequencing vector 
In this PCR Phusion Polymerase was used, instead of the most common OneTaq Polymerase, 
since high fidelity was needed to clone the gene of interest, and this enzyme’s reliability and 
performance are higher. Thus, the PCR protocol (Peake, 1989) and program were designed 
according to the specifications of this polymerase, to optimize its performance. The reaction 
master mix was used as a negative control.  
 
The cloning vector was a pINIT plasmid with a tetracycline resistance gene marker. In addition, 
it has a cassette with the ccdB gene, which encodes for a bacterial toxin that poisons the DNA 
gyrase, killing the cells. When cloning, this cassette is exchanged by the insert. So, only those 
cells carrying the plasmid with the gene inserted will grow when inoculated or spread on a 
plate with tetracycline: cells without the plasmid will be sensitive to tetracycline and will not 
survive, and those carrying the plasmid without the insert will be killed by the toxin produced 
by the ccdB gene.  
 
The colonies able to grow in these conditions were candidates to carry the gene of interest 
inside the pINIT_tet plasmid. So, six were picked and the plasmids sequenced to verify the 
presence of the insert while ruling out possible mutations. 
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10.11.3 Sub-cloning using FX Cloning 
The vectors chosen for the protein expression were the plasmids: p7xNH3 and p7xC3H. Both 
of them add a tag of 10 histidines to the translated protein, but the main difference between 
them is that p7xNH adds these histidines to the N-terminus of the protein while p7xC3H adds 
them to the end C-terminus of the protein. These histidine tags ease the protein purification 
since it has a high affinity to metal-ions, used in purification procedures. Just like pINIT_tet, 
these plasmids also carry the ccdB gene and a resistance gene marker, in this case, to 
kanamycin. So, after the transformation procedure, only those cells carrying both the plasmid 
and the insert will survive when spread on medium with kanamycin. Colonies able to grow in 
these conditions were picked and the plasmid presence checked by performing a PCR with 
specific primers. 
 
10.11.4 Protein expression and activity assay 
The expression E. coli strain chosen was a derivative of BL21 named LOBSTR (Low Background 
Strain). This strain has been engineered to eliminate the contaminants appearing in form of 
histidine-rich E. coli proteins which interfere in histidine-tag affinity purification (Andersen et 
al., 2013). To express the protein, the cells were incubated at 37 °C in 2-YT medium 
supplemented with kanamycin until the optical density of the culture was approximately 0.4, 
marking this absorbance the end of the early/mid lag phase (Madigan et al., 2014). The 
expression vectors also carry the lacI gene, which codes for the lac repressor, a transcription 
inhibitor. Then, to induce the expression of the protein, lactose or an analog had to be added 
to the medium. So, in the beginning of the exponential phase, IPTG was added to suppress the 
action of the transcription inhibitor and initiate the expression of the protein. After the 
incubation time, the cells were collected, pelleted and lysed by sonication. To assess if the 
expressed protein was soluble, the samples were centrifuged to pellet all the insoluble 
particles. As it was expected that the protein was in the soluble phase, before loading the SDS-
PAGE this sub-sample was heat-treated to denature the proteins belonging to E. coli present 
in the sample. The activity of the expressed protein was determined in a fluorometric test 
based on a direct measurement able to detect the activity of several proteases. An enzyme of 
known activity was used as a positive control, while the reaction master mix was the negative 
control for this test. 
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11. Discussion of the results  
11.1 Carbon utilization  
Among all the different carbon sources tested, peptone gave the best results, with fast growth 
and high biomass amount. Peptone was then used during this work when fast growth was 
required, or when collecting sufficient amount of biomass was needed, for instance, to extract 
genomic DNA. Also, peptone was used in tests in which the nutrients where not the growth 
limitation factor, such as temperature, osmotic stress or pH tests. It was used as well as a 
positive control when needed. Galactose and glucose yielded efficient growth as well, 
following dextrin. All of them are recommended or suitable to use when growing this strain, 
since after 48 hours of incubation at 65 °C clear growth can be achieved. Still, although the 
biomass collected was enough for all the conducted analysis in this work, no high turbidity 
cultures were obtained in any case, being recommended to test different media in the future 
if higher cell density is required. It has been reported that some members of the 
Thermotogales group can reduce thiosulfate to sulfide, and that this process enhances cellular 
yields and growth rates, so it is recommended to add thiosulfate to the medium if higher yield 
is needed (Ravot et al., 1995). The rest of the tested nutrients are not recommended to grow 
this strain, either giving no clear or sufficient growth or not growth at all. Nevertheless, the 
method chosen to assess cell growth has the limitations previously discussed, since exist the 
risk of having false positives or negatives. False positives by mistaking an optical artifact or a 
dead cell for an alive cell, and false negatives by not spotting any bacterium in the slide 
checked because the culture density was too low. Alternative methods to check the growth 
are recommended if more accurate conclusions are needed, such as O.D. measurement, flow 
cytometry, etc. Nevertheless, when comparing with the available literature, the results 
obtained after this test are consistent con those published, being this experimental strain able 
to utilize the same substrates as the species type strain (Kanoksilapatham et al., 2016, 
Podosokorskaya et al., 2011, Cai et al., 2007, Friedrich and Antranikian, 1996).  
 
11.2 pH tolerance 
It has been reported that this species is able to grow in pH’s ranging from 5.5 to 8.0 is 
(Kanoksilapatham et al., 2016, Podosokorskaya et al., 2011, Cai et al., 2007, Friedrich and 
Antranikian, 1996), and even at pH = 5.0 (Friedrich and Antranikian, 1996). However, no 
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growth was reported in any of the flasks set up in this test, neither at pH = 5.5, nor at pH = 
8.0. Again, the same objections against the growth assessment method applies, and a 
different growth check system is required to extract more accurate conclusions: due to the 
long time this species need to divide when growing in these stressing conditions, low density 
cultures might have been mistaken for negative. Still, although this strain was able to grow in 
those conditions, the yield obtained would be so low that they are not recommended. 
 
11.3 Osmotic stress  
The optimal amount of NaCl reported for this species’ type strain to grow is 0.4 % although it 
can tolerate until a NaCl concentration of 4 %, but with long division times (Kanoksilapatham 
et al., 2016, Podosokorskaya et al., 2011, Cai et al., 2007, Friedrich and Antranikian, 1996) . 
The results obtained are consistent with the literature: the culture medium used to optimally 
grow this bacterium had 0.3 % of NaCl, the reported optimal concentration. Furthermore, 
according to the results from this work, fewer cells were spotted under the phase-contrast 
microscope when increasing the NaCl concentration. In flasks with the highest amounts of salt 
(4 % and 5 %) some cells could still be spotted, but their viability was compromised as their 
morphology and structure appeared altered, with less dense and opaque cytoplasm and less 
defined cellular membrane. 
 
11.4 Temperature tolerance  
According to the literature, this species type strain can grow from 50 °C until 80 °C, but 
needing 12 hours to divide when incubated at 50 °C and 80 °C (Friedrich and Antranikian, 
1996). However, in other works it has been reported that F. pennivorans is able to grow from 
30 °C to 80 °C (Cai et al., 2007). The results presented here, though, show that this strain T 
cannot grow at 38 °C, as no growth could be seen after 96 hours of incubation. The results 
obtained from the flasks incubated at 55 °C are more congruent with the literature, being this 
strain able to divide slower than when incubated at 65 °C. So, according to these results, the 
strain can be catalogued as a thermophilic bacterium, with optimal growth temperatures 
similar to those required by the rest of species of the genus Fervidobacterium.  
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11.5 Keratinase activity  
It is reported that F. pennivorans type strain (DSM 9078) and F. islandicum are able to grow 
on chicken feathers, completely degrading them after 48 hours of anaerobic incubation 
(Friedrich and Antranikian, 1996, Nam et al., 2002). However, as it has been shown, when 
incubating the studied strain with chicken feathers four days were needed start feather 
degradation in the flasks with breast feathers, and a week for the flasks with wing feathers. 
The total degradation time for the breast feathers was seven days, while the wing feathers 
needed ten days of incubation to be completely degraded. The difference in time between 
this experiment and those described in the literature is significant; so, trying a different culture 
medium is recommended if an accurate reproduction of those experiments is needed, or an 
improvement in the method is required. 
 
11.6 Phase-contrast and Scanning Electron Microscopy 
After checking different samples under the microscope, from culture media in very different 
conditions, it has been ascertained that the studied strain present some degree of 
pleiomorphism, showing variations in size, shape and morphology. Similarly to other members 
of the genus (Patel et al., 1985, Kanoksilapatham et al., 2016, Podosokorskaya et al., 2011, 
Huber et al.), this strain present terminal spheroids or blebs, and grows in pairs or short 
filaments. Clusters could also be spotted, suggesting the ability to form colonies when spread 
on the appropriate solid medium, although this was not investigated. Due to certain issues 
reported when processing the sample, the morphology of the cells shown in the SEM pictures 
might be altered. 
 
12. Discussion of the Genomic results 
12.1 DNA isolation and strain identification 
As shown and described, the genome of F. pennivorans strain T had the expected size for a 
member of the Thermotogales group (Benson et al., 2005, Madigan et al., 2014). This DNA 
was then used to identify the strain relying on its 16S gene sequence. Thus, after sequencing 
this gene, the obtained sequence was compared with BLAST. It was found that the 
experimental strain belonged to the Fervidobacterium genus, specifically, to F. pennivorans 
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species. The most similar strains were F. pennivorans DYC and the species type strain (DSM 
9078), with an E-value of 0.0 and a 99% identity, meaning that, according to the 16S gene 
sequence, the compared sequences were identical. However, as mentioned before, to assure 
that two bacteria belong to the same species, their 16S rRNA gene sequences have to be more 
than 97 % identical, and their genomic DNA hybridization percentage higher than 70 % 
(STACKEBRANDT and GOEBEL, 1994). Thus, the genomes of these three species were 
compared through an ANI calculation and a Genome-to-Genome distance analysis. 
Furthermore, they were compared with the SEED viewer. Also, using the Mauve algorithm 
their genomes were aligned and a dot-plot matrix was performed, as detailed. Finally, a 
phylogenetic tree comparing all the available species of the genus Fervidobacterium was 
reconstructed. 
 
12.1.1 Genomic analyses 
The summary provided by CLC Genomic Workbench after assembling the sequenced F. 
pennivorans genome stated that the mentioned genome had a total of 2,271,337 base pairs 
distributed over 505 contigs. As explained before, not all that DNA belonged to P. pennivorans, 
so it was removed. After removing all contaminant DNA, the genome was uploaded again to 
RAST, and this time its size was 1,967,686 distributed over 28 contigs. So, a total of 303.651 
base pairs of the sequenced DNA was not F. pennivorans DNA, more than 13 %. This strain is 
similar in genomic size to other close species, such as Thermosipho africanus, T. melanesiensis 
or Thermotoga petrophila, being all of them around 2 mega bases. According to the RAST 
annotation, all these genomes show a remarkable variety of genetic versatility, since there 
could be seen a number of different subsystems covering a wide spectrum of metabolic 
activities, related with carbon utilization, protein degradation or respiration (Overbeek et al., 
2014). Although neither of these organisms can sporulate, a small subsystem related with 
dormancy and sporulation was annotated by RAST. In this subsystem can be found sequences 
related with the Stage V sporulation protein (SpoVS) of Bacillus subtilis. No further tests 
regarding this topic were conducted, so it was not investigated whether these sequences are 
involved in some metabolic activity or represent a genetic ancestor of these sporulation 
proteins and systems.  
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The strain T genome sequence was compared with the type strain of F. pennivorans as well as 
with the DYC strain of the same species. Also, these two strains were compared to each other. 
The type strain showed higher level of protein sequence identity with the type strain: 98.6 % 
of the sequences were at least 70 % identical between these two strains, showing the high 
level of similarity they have. However, when comparing with DYC strain, both of these strains 
showed a lower level of identity, suggesting that DYC strain is a more distant strain, with large 
genomic inversions.  
 
12.1.2 Average Nucleotide Identity 
DDH values are the most important criterion in the delineation of bacterial species, being 70 
% the threshold limiting the species identity level, corresponding this value to 95 % ANI (Goris 
et al., 2007, Rodriguez-R and Konstantinidis, 2016). According to this, since strain T shows an 
ANI of 97.28 % with the type strain (DSM 9078), it can be asserted that they clearly belong to 
the same species. When comparing strain T with DYC, ANI is 91.4 % with a median of 89.97 %; 
in this case, according the estimation they do not belong to the same species. Finally, the 
comparison between DYC and DSM 9870 strains gave an ANI of 90.99 % with a median of 
89.89 %, which again indicates they should not be considered as members of the same species.  
 
12.1.3 Genome-to-genome distance calculation (GGDC) 
This calculation represents a different estimation of the DDH and, thus, it can be seen as a 
complementary test to ANI. When comparing F. pennivorans strain T with the type strain’s 
genome, GGDC gave a probability that they belonged to the same species (DDH > 70 %) of 
91.41 %, consistent with the one provided by ANI. However, the comparison between F. 
pennivorans strain T and strain DYC showed a different GGDC estimation, being 20.18 % the 
probability these two strains belong to the same species (probability that DDH > 70 %). So, 
according to this test, it is very unlikely that these strains belong to the same species. Finally, 
DSM 9078 and DYC comparison provide the result of 7.21 % probability they belong to the 
same species (probability that DDH > 70 %). So, again, according to GGDC, DYC strain does not 
belong to the F. pennivorans species. 
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12.1.4 Phylogenetic tree 
The 16S rRNA gene phylogenetic tree for the Fervidobacterium genus is consistent with the 
one recently reported in (Kanoksilapatham et al., 2016) and shows bootstrapping values over 
70 % for every branch except for those grouping the three strains of F. pennivorans: only 37 
times every 100 the tree was built, strain T and the type strain were grouped together. When 
it comes to the DYC strain, the given bootstrapping value was 42 %. However, these three 
strains were grouped together with a bootstrapping value of 89 %, meaning that their 
phylogenetic relationships are unclear.  
 
12.1.5 Genomic alignment and dot-plot matrix 
The genomic alignment between the sequenced genome with F. pennivorans DSM 9078 using 
Mauve’s algorithm showed an almost perfect match and synteny for every contig. Only a small 
number of gaps between these genomes was estimated. The genomic size was also similar, 
both of them being close to 2 mega bases. When comparing F. pennivorans strain T genome 
with DYC strain the match was not so exact, with some gaps and differences arising, although 
again both genomes had similar size, around 2 mega bases. The most remarkable difference 
between these genomes, according to Mauve, is the presence of a large inverted fragment, 
belonging to contigs 1, 5, 10, 16, 21 and part of contig 6. This strain was also aligned with the 
species type strain, and the result was very similar to the previously discussed, with a large 
part of the genome inverted.  
 
The dot-plot matrices were based on the Mauve alignment and represented an alternative 
visualization of the same estimation. The matrix between the sequenced genome and the type 
strain showed an almost complete diagonal line, from the upper left corner of the chart until 
the lower right corner, only broken by small points representing those parts of the genomes 
which did not show sequence match. Likewise, the experimental genome and the type strain 
showed very similar dot-matrices when their genomes were plotted compared with DYC 
strain’s genome: long parts matched, represented by descending lines from left to right, while 
others appeared perpendicular to the before mentioned lines, meaning that these sequences 
were in reverse directions.  
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12.1.6 Conserved signature indels 
Different Conserved Signature Indels (CSI) have been described and in Thermotogae genomes, 
uniquely present in the phylum or its different groups, representing specific molecular 
markers (Bhandari and Gupta, 2014). After analyzing F. pennivorans strain T genome using 
Artemis software, several genomic fragments only found either in this strain, 
Fervidobacterium genus or Thermotogales group were spotted. Some of these segments were 
annotated as recombinases, transposases or mobile elements, suggesting the occurrence of 
horizontal genetic transfer in this group. Other segments were annotated as functional or 
hypothetical proteins, so their products were obtained using ExPaSy and compared with 
BLAST database. An Acetamidase and a Methionine synthase were found only in the studied 
strain and in other members of the Thermotogales group, being candidates to carry CSI in 
their sequences and become molecular markers for the group. However, further 
investigations should be conducted regarding this topic. 
 
13. Discussion of the peptidase cloning and expression  
13.1 3D peptidase structure prediction 
Among all the candidate templates found by SWISS-MODEL, two were selected: fervidolysin 
(ID: 1r6v) and Pro-F17H/S324A (ID: 4jp8). Since the GMQE value was higher when using the 
fervidolysin as a template, this protein was chosen to build the model. GMQE estimation 
combines properties from the target–template alignment and the template search method. 
The resulting GMQE score is expressed as a number between 0 and 1, reflecting the expected 
accuracy of a model built with that alignment and template and the coverage of the target. 
Higher numbers indicate higher reliability. The QMEAN4 of the estimated model was -5.09, 
indicating a low quality model, since values close to zero represent models comparable to 
what would be expected from experimental structures of similar size. The local quality plot 
provided by SWISS-MODEL shows, for each residue of the model, the expected similarity to 
the native structure. According to the tool, values below 0.6 are considered to be of low 
quality. Again, this local plot shows a significant number of residues which estimation lays 
under this threshold of 0.6, considered then as low-quality estimations. Finally, another plot 
is provided, comparing the model with proteins of similar size which structure has been 
experimentally resolved. The model estimated for the peptidase of the sequenced strain 
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shows a score over two times the Z-score (score over 2 times the standard deviation of the 
mean), resulting, again, in an estimation of low quality for the model. So, in conclusion, the 
estimated model is not reliable because the templates found do not have a sufficient identity 
level to build a high-quality model. If that was needed, it is recommended using alternative 
methods, such as threading or ab-initio modelling (Xiong, 2006).  
 
13.2 Multiple sequence alignment 
As explained, the catalytic triad of the sequenced protein was assessed by performing an MSA 
with it and all the homologues found after a PSI-BLAST search. When analyzing it could be 
seen that the catalytic triad of the protein, present in all the homologues found, was also 
present in the target protein, suggesting that it may have proteolytic activity.  
 
13.3 Peptidase cloning and expression in Escherichia coli 
13.3.1 Signal peptide prediction 
Signal sequences are N-terminal extensions of 16 to 30 amino acid residues in length present 
in newly synthesized secretory and membrane proteins (Martoglio, 2003). The Signal IP server 
estimates the presence and length of signal peptides of query proteins. For the peptidase S8 
cloned in this work, a signal peptide of 21 amino acids in length was predicted, which is the 
same length as fervidolysin, and similar size to islandisin, a serine protease from F. islandicum, 
with a signal peptide 33 amino acids length (Kluskens et al., 2002, Godde et al., 2005).  
 
13.3.2 PCR and cloning  
PCR amplification of the peptidase gene was successful, as could be seen in the agarose gel 
run afterwards: a band congruent with the size of the gene could be seen, with good quality. 
After cloning the gene in pINIT_tet plasmid, another electrophoresis was run, as well as 
sequencing of the candidate plasmids, to assess the presence of the gene in the plasmid and 
investigate possible mutations. The presence of the insert was verified by this process, and no 
mutations were found in the sequence. 
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13.3.3 Cloning in expression vectors and protein expression 
Again, after cloning the gene in the expression vectors, its presence was verified by a PCR. The 
gel showed that all the picked colonies, but one, carried the plasmid and, thus, the insert, 
since clear bands of the right size were seen. In the SDS-PAGE run to verify the expression of 
the protein after the cloning experiment, bands congruent with the protease size (45.76 kDa.) 
were seen. These bands appeared in lysate samples induced with IPTG. So, the protein was 
successfully expressed in E. coli BL21 LOBSTR.  
 
13.3.4 Enzyme activity assay 
The chart obtained after this test shows that there were differences between the samples 
induced with IPTG and the uninduced negative controls. These differences suggest the protein 
was active, especially obvious for p7xC3H. However, the activity of the positive control was 
almost two times higher than for p7xC3H. So, no clear conclusions can be extracted from this 
test. As the enzyme is assumed to be thermo-tolerant, this assay was also conducted at 60 °C. 
However, the obtained results were not conclusive. The protocol supplied by (Thompson et 
al., 2000) in the kit did not specify the range of temperatures in which the substrate is stable, 
so perhaps after incubation at 60 °C it was altered or partially denatured. So, it is 
recommended to repeat the experiment, optimizing the conditions. Due to lack of time it was 
not possible to repeat the experiment modifying the experimental conditions. Furthermore, 
due to the insufficient amount of lysate collected after the whole procedure, no replicates 
could be prepared, and thus no statistical test was conducted. 
 
14. General conclusions 
The new isolate belongs to F. pennivorans species, although some minor differences between 
this strain and the species type strain could be found and described, suggesting these two 
strains may be classified as different strains of the same species. These two strains showed 
the same metabolic abilities in terms of carbon sources utilization. However, when comparing 
these two strains with F. pennivorans DYC, the highest scoring organism when comparing the 
studied strain’s 16S rRNA gene sequence with BLAST, differences are more obvious. In fact, 
the analysis conducted during this work suggest this strain should be classified as a separate 
species within the Fervidobacterium genus.  
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Similarly to other members of the Thermotogales, the genome of F. pennivorans showed the 
presence of genomic parts only found within the Thermotogales group, being some of them 
found only among the Fervidobacteriaceae or being only unique of F. pennivorans. These 
fragments could be useful as genetic markers to specifically identify bacteria from this groups, 
and may represent also a valuable insight into the Evolution of thermophilic bacteria. 
Furthermore, they could lead to discovery of novel properties that are unique to these 
bacteria. 
 
F. pennivorans shows keratinolytic activity, and it is able to completely degrade chicken 
feathers after several days of incubation at 65 °C in MMF medium supplemented with 
peptone and yeast extract. This ability could be very useful in biotechnological processes, as 
feathers cause a serious waste problem. Furthermore, F. pennivorans is an anaerobic and 
thermophilic bacterium, making it especially convenient for industrial processes, as neither 
no oxygen supply is needed, nor refrigeration systems. On the other hand, as F. pennivorans 
is a thermophilic bacterium, it would require a heating system, which is an inconvenience for 
using this organism for biotechnological processes. However, this is not an absolute drawback, 
as high temperatures make easier the degradation of substrates, and avoids contamination of 
mesophiles. 
 
The analysis of the genome of F. pennivorans strain T allowed identification of different 
keratinase enzyme candidates. One of these contained an amino acidic catalytic triad, 
previously shown to be part of the active site. This candidate was successfully expressed in E. 
coli, but whether the recombinant protein is active remains unclear after the tests conducted. 
 
However, which features are required for keratin degradation is not fully understood, and 
most research in this field centers on screening novel microorganisms with keratinolytic 
activity. Furthermore, for other complex substrates such as cellulose, it has been suggested 
that degradation of keratin does not occur by the action of a single enzyme, but requires a 
mixture of different enzymes with protease ability. Thus, the production of recombinant 
keratinase by heterologous remains relatively limited (Wu et al., 2017, Lange et al., 2016). 
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15. Further directions 
Thermotogae is a relatively new group, placed in a deep branch of the Tree of Life, meaning 
they are closely related to the first living organisms on Earth, being their study under an 
evolutionary approach of great importance to understand how life did appear. Their metabolic 
versatility and thermophilic features makes them interesting for biotechnological processes. 
During this project, a member of Thermotogae, F. pennivorans strain T, has been identified, 
characterized and studied, and a gene encoding a keratinase has been cloned and expressed. 
We aim for following further research in the future: 
• Carry out more in-depth phylogenetic analyses studying housekeeping genes, to give 
new insights into the evolutionary relationships of the Thermotogae group. 
• Use genomic, metagenomic and bioinformatic approaches to understand how the 
metabolic processes of F. pennivorans work, interact and are regulated, building a 
metabolic model of the organism. 
• Further genomic investigations, to be able to close the genome of F. pennivorans strain 
T and obtain a complete map of the chromosome. 
• Optimization of growth of this strain to get denser cultures, subsequently improving 
feather degradation.  
• Carry out further assays to assess the activity of the expressed keratinase, optimizing 
the procedure and the conditions. 
• Investigation of the bacterial secretome, which may lead to the discovery of new 
enzymes and give new insights into keratinases and proteases action (Lange et al., 
2016), and discover other keratinase candidates.  
• Application of F. pennivorans in industrial processes, due to its thermophilic condition 
and metabolic versatility. 
• Conduct more microbiological prospections aiming to find new isolates with 
keratinolitic ability.  
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Keratinase sequence. The signal peptide is highlighted in yello. Hyphen represent the signal 




































CSI candidates for F. pennivorans strain T found: 
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